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Abstract 
 
Copper-gold-pyrite ore types (with elevated pyrite content) are typically found in complex ore 
bodies which require a sequential flotation method to recover two products (copper - gold and 
pyrite - gold). Operating plants such as Telfer (Western Australia), Ok Tedi (Papua New Guinea) 
and Batu Hijau (Indonesia) use a lime circuit with selective collectors for efficient recovery of a 
copper product and a pyrite - gold product separately.  The application of lime in the circuit is based 
on the presence of elevated and variable amounts of pyrite in the deposits and the emphasis on 
maintaining high-grade copper concentrate. The gold associated with pyrite is usually recovered 
through pyrite flotation from the tailing of the copper circuit. As a result of lime being applied in 
the copper roughers for pyrite depression in a high tonnage stream, increased consumption of pyrite 
depressants (lime and NaCN) is evident under these conditions.  Information from literature has 
shown that the reagent consumption can be minimized by the configuration of the flowsheet.  
 
A simpler flotation circuit with lower operating and capital costs for treatment of such copper-gold-
pyrite ores with an elevated pyrite head assay was sought in this work. After characterizing the ore, 
the objective was to apply bulk rougher flotation of both the copper minerals and pyrite for the 
copper-gold-pyrite ore at natural pH. Hence, no lime or other pyrite depressants were required in 
bulk roughing. The bulk rougher concentrate was upgraded in a cleaner circuit to reject the non-
sulphide gangue and then the resulting sulphide concentrate was separated by depressing the pyrite 
to produce two products (copper and pyrite concentrates, both having significant amounts of gold). 
A standard test with a sequential circuit was applied to the same ore for comparison. 
 
The chalcopyrite and pyrite losses in the tailing from the rougher circuit were the same for both 
bulk and sequential roughing (less than 6%). In cleaning (bulk circuit), the effective pH for pyrite 
depression was about 11.8. The copper recovery was 70% (grade of 20% copper) and the sulfur 
recovery (pyrite product) was 80% (grade of 36% sulfur). These results approached those for the 
sequential circuit where copper recovery was 82% (grade of 20% copper) and the sulfur recovery 
(pyrite product) was 83% (grade of 36% sulfur).  
 
The observed effects of feed sizing on the liberation of the minerals in the rougher feed are 
discussed. Options for improving the bulk circuit results are also discussed. Importantly, the 
implications of various aspects of these findings for the bulk circuit are discussed with an industrial 
focus.  
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CHAPTER 1 - INTRODUCTION 
 
 
In this study, the approach of bulk rougher flotation of sulphides (pyrite and chalcopyrite) at natural 
pH for high pyrite copper-gold ore treatment was undertaken as a measure to improve valuable 
mineral(s) recovery and to reduce reagents (e.g. lime, NaCN, Na2S) consumption.  Currently 
copper-gold ores with high/elevated pyrite content are usually treated in a sequential circuit, where 
copper is recovered first and the tail of copper circuit is reactivated by (typically) potassium amyl 
xanthate (PAX) for pyrite flotation to recover gold associated with the pyrite.  In the sequential 
circuit, one or more of these reagents (lime, NaCN, Na2S) are usually applied for pyrite depression 
and reactivation. Na2S is sometimes applied in both copper and pyrite circuits for controlled 
potential sulphidation in ores where oxidised copper minerals are present.  
1.1 Overview 
 
In all types of sulphide ores, pyrite is present either as gangue or as valuable if economic metal is 
associated with it. One of the very important characteristics of pyrite present in the ore is that at an 
alkaline pH, pyrite is well depressed and at an acidic pH, the floatability of pyrite is high. 
 
Selection of the treatment process for copper-gold ores is based on the nature of the ore (e.g. high 
pyrite content, low pyrite content) and the gold association with the contained minerals. Operating 
plants such as Telfer (Western Australia), Ok Tedi (Papua New Guinea), Batu Hijau and Freeport 
(Indonesia) use a lime circuit with selective collectors.  This choice is based on the presence of 
variable amounts of pyrite in the deposits and the emphasis on maintaining high-grade copper 
concentrates. The need to reject non-sulphide gangue and pyrite (iron sulphide) during cleaning of 
the copper concentrates invariably leads to losses of gold and at the same time results in increased 
consumption of pyrite depressants (Cytec, 2010). 
 
In a copper-gold ore treatment plant like Telfer in Western Australia, gold associated with pyrite is 
recovered in a separate pyrite flotation plant (Benson et al., 2007; Seaman, 2011). Telfer applies 
different concepts in its ore treatment due to the complex ore body.  Currently, Telfer has four 
different approaches for treatment of 5 different ore bodies, namely, bulk flotation (low pyrite in 
feed), sequential flotation (high pyrite in feed), copper only flotation (no pyrite in feed) and pyrite 
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only flotation (no copper mineral, only pyrite in feed).  The treatment method criterion is based on 
the Cu:S ratio.  The average copper and gold feed grades in Telfer ores are approximately 0.22% Cu 
and 0.83 g/t Au (Seaman, 2011).  In Telfer, the processing plant is divided into two parallel 
treatment circuits.  They are referred to as Train 1 & Train 2 (see Figure 1.1). The overall targeted 
copper and gold recoveries are 75 % and 85 %, respectively.   
 
 
 
Figure 1.1: Telfer Circuit– Gravity gold circuit not included in this flowsheet which is located at 
the primary grinding circuit cyclone underflow (Seaman, 2011) 
 
 
The emphasis at Telfer is on producing marketable copper concentrates which requires the use of 
lime to depress pyrite. To obtain a better metallurgical performance, the plant operating conditions 
at Telfer are usually adjusted as a result of the ore changes in the mill feed blend.  
 
The practice of depressing pyrite to improve copper grade results in increased lime consumption 
(Seaman and Manton, 2010).  Pyrite is the dominant sulphide gangue mineral in the copper flotation 
circuit, but pyrite contains gold which can be further treated for gold recovery (Seaman, 2011). 
However, at present, the pyrite which is depressed can be further floated in a separate circuit if a 
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substantial amount of gold is present. It has been stated (Forrest et al., 2000) that at an approximate 
total gold recovery of 90%, 20% of the gold is recovered in the copper circuit while the remaining 
70% is recovered at the pyrite flotation circuit. This is not always the case as the gold recovery 
depends on the proportion of gold associated with the host minerals. 
 
In some reviews on copper-gold ore flotation by past researchers, they have also shown significant 
increase in reagents (lime – pyrite depressant) consumption due to the fact that pyrite depressants 
are added in the rougher circuit where the quantity of ore tonnage processed is high (Blondin et al., 
2005; Bulatovic, 1997; 2007; Zheng et al., 2010; Forrest et al., 2000).   
 
Research work has shown that reagent consumption can be reduced at the same or improved 
valuable metal(s) recovery by configuration of the flow sheet (Bulatovic, 1997).  The effect of the 
flowsheet configuration on the metallurgy is often neglected in the design of a new plant. The 
detrimental effects of depressants (e.g. lime, NaCN), which are introduced in the copper flotation 
circuit, can often be overcome by changing the flowsheet design (Bulatovic, 1997; 2007). Bulatovic 
in his work studies the effect of flowsheet configuration extensively in locked cycle bench tests and 
pilot plant operation (for standard sequential and bulk flotation tests) with porphyry ore sample 
from Ok Tedi and pyritic, porphyry copper-gold ore from Peru. The results obtained with bulk 
flotation of Ok Tedi ore were superior to those obtained by selective (sequential) flotation, as seen 
in the higher copper and gold recoveries. Similarly, better metallurgical results were achieved on a 
pyritic, porphyry copper-gold ore from Peru using a bulk flotation procedure. The same copper 
recovery was obtained with this ore but there was a higher gold recovery with the bulk float circuit.  
 
Based on this information, this thesis is looking at designing a new flowsheet to overcome the 
problem of increased consumption of pyrite depressant (lime, NaCN) in sequential circuit.  
1.1.1 Problem Statement 
 
The research in this thesis addresses the problem of high reagents (lime, NaCN) consumption when 
processing copper-gold ores with elevated pyrite content. The copper-pyrite ores with elevated 
pyrite content may have to be treated at natural pH to improve valuable mineral(s) recoveries and 
reduce lime consumption.   
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1.1.2 Objective and Scope  
 
The objective of this study is to apply bulk rougher flotation of chalcopyrite-pyrite ore at natural pH 
to achieve the same or improved recovery of valuable mineral(s) and reduce reagent (lime, NaCN) 
consumption by comparing with sequential (copper selective) flotation. The bulk rougher 
concentrate will be separated into copper minerals and pyrite in a cleaning circuit by depressing the 
pyrite at high pH. The flowsheet proposed was to produce two concentrates, one comprising 
copper-gold concentrate and the other as gold-pyrite concentrate. Figure 1.2 shows the proposed 
bulk sulphide flotation flowsheet for treating high pyrite ores (modified from the current bulk 
flowsheet used for treating low pyrite ores, Figure 2.3).  
 
 
Figure 1.2: Proposed flowsheet for the project (with high pyrite feed) - Proposed at producing two 
products, consisting of copper-gold product and Au-pyrite product. 
 
The scope of this work was: 
 
• Performing chemical and mineral characterisation of the laboratory mill feed and 
product including; ore texture, mineral composition, mineral liberation and locking, 
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theoretical grade-recovery curve, element to mineral assay conversion and the effect of 
grind size on liberation. 
 
• Performing bulk sulphide rougher experiments including; initial bulk rougher flotation 
tests, collector and pH series tests and analysis of the metallurgical performance.  
 
• Non-sulphide gangue (NSG) separation at the dilution cleaning stages. This includes 
analysis of NSG recovery at the rougher by true flotation and by entrainment 
mechanism, analysis of copper and sulphur losses to dilution cleaner tails, analysis of 
NSG removal at the dilution circuit tail and NSG reporting to the concentrate.  
 
• Pyrite and copper sulphides separation at the elevated pH cleaning stages. This 
includes analysing of effective pH at which pyrite can be depressed at both cleaner 1 
and cleaner 2 circuits, and determining the grade-recovery position of the cleaner 
circuits.  
 
• Standard sequential circuit tests to compare the metallurgical results with the bulk 
circuit results. This includes both rougher and cleaner circuit metallurgical results 
comparison. 
 
• Robustness testing to evaluate the performance of the ore when pyrite activated by Cu 
ion is present in the pulp due to the grinding condition (when a reducing environment 
is created in the grinding circuit, Cu ions are able to cause pyrite activation).  
 
1.1.3 Relevance of the Project 
 
The outcome of this project may result in: 
 
• A simplified ore treatment process route (easier to operate and lower operating cost) 
 
• The potential to improve chalcopyrite/pyrite recovery in the rougher 
 
• Minimised  reagent consumption (e.g. lime, NaCN, Na2S) 
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1.1.4  Hypothesis 
 
The central hypotheses of this thesis can be stated as follows: 
 
Hypothesis 1: 
 
Evaluation of non-sulphide gangue liberation (target NSG liberation level > 90%) at a wide range 
of P80 sizes for the rougher feed with evaluation of the liberation of chalcopyrite and pyrite will 
indicate that a much coarser sizing is possible for a bulk rougher circuit (and also a sequential 
circuit) from using a predictive method based on liberation data. 
 
Hypothesis 2: 
 
Bulk roughing will give the same or improved copper and pyrite recovery compared to a sequential 
circuit (two stages of roughing) 
 
Hypothesis 3: 
 
Optimising cleaning circuit conditions (by increasing pH with lime) will effectively depress pyrite, 
and still maintain the same grade-recovery curve position of copper/pyrite as in sequential flotation 
 
Consequently, the focussing questions to test these hypotheses are as follows: 
 
• What are the effects of grind size on liberation of chalcopyrite, pyrite and non-sulphide 
gangue? 
 
• What are the effects of pH on the bulk roughing flotation? 
 
• What are the minimum collector additions that can give optimum metallurgical performance 
in the roughing circuit? 
 
• Can pyrite be effectively depressed at high pH in the cleaner circuit? How can the pyrite be 
handled/depressed if pyrite activated by copper ions is present?  
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• Can the grade-recovery curve position for the two products from the bulk flotation tests be 
close or equal to the sequential tests?  
1.2 Statement of Originality Including Contributions to Knowledge 
 
The aspects of this work that comprise original contributions are: 
 
• A novel approach to treatment of high sulphur (pyrite) copper-gold ore, with bulk roughing 
followed by dilution cleaning and then by selective cleaning to give two products (copper-
gold and pyrite-gold concentrates).   
 
• Development of a methodology to establish the resulting liberation of non-sulphide gangue 
after primary grinding (target NSG liberation level >90%) and other minerals for bulk 
rougher flotation of copper-gold-pyrite ores from coarsening the bulk sulphide rougher feed 
sizing, involving a minimum of experimental work and maximising the use of liberation 
data, sourced from the laboratory mill feed and the mill product.  
 
• A demonstration of an approach to provide robustness testing of the developed bulk circuit 
by deliberately activating pyrite with copper sulphate in roughing and establishing the 
ability of the circuit to continue to direct the pyrite to the required product in the cleaning 
system. 
 
1.3 Statement of Sustainability 
 
The statement of sustainability for this project is: 
 
• Reducing extraction of limestone deposits which are mined extensively for lime supply in 
the flotation of copper-gold ores. 
 
• Reducing high energy consumption in ore cominution circuit by coarser grinding prior to the 
bulk flotation stage. 
 
• Reducing the installed flotation cell capacity that is currently utilized in roughing in a 
differential circuit.   
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1.4 Thesis Outline  
 
Chapter 2 contains a critical literature review of the existing literature on flotation of copper-gold 
ores with a focus on sequential and bulk flotation techniques. The feed preparation conditions 
(flotation chemistry) and flotation kinetics are also discussed. 
 
Chapter 3 describes flotation experimental methods for the different tests conducted. These include; 
bulk roughing, cleaning flotation of rougher concentrate, sequential circuit testing, planning of the 
factorial (23) design test and robustness tests. 
 
Chapter 4 details the laboratory mill feed and product mineralogical and chemical characterisation 
of the ore sample. MLA and XRD have been used for the mineralogical characterisation of the ore. 
 
Chapters 5 and 6 present the results of the experimental test work. Chapter 5 presents the results of 
the bulk roughing and Chapter 6 presents the results of cleaning flotation. 
 
Chapter 7 summarises the results of the thesis and proposes recommendations for further work; it 
also discusses the implication of the findings for improving productivity in processing operations 
for the described ore. 
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CHAPTER 2 - LITERATURE REVIEW 
 
2.1 Background Information 
 
In this review, the focus is on the flotation behaviour of copper-gold ores containing pyrite and their 
flotation treatment strategies. In addition, the chemistry of sulphide minerals flotation (pyrite and 
chalcopyrite), effects of flotation reagents and their interactions in the metallurgy are further 
reviewed.  
 
It is understood that most copper-gold ore operations employ the sequential (Cu-selective) method. 
Fewer operations such as Telfer and Batu Hijau employ bulk flotation due to low pyrite feed (<0.5 
% S) and fine pyrite inclusion in chalcopyrite, which is difficult for chalcopyrite-pyrite separation.  
 
The significance of sequential type of method is high reagents (lime, NaCN) consumption due to 
the fact that pyrite depressants such as lime and sodium cyanide (NaCN) are applied to a high 
tonnage stream (the rougher feed). Seaman (2011) has also reported that lower gold recovery and 
high reagent consumptions (lime) is evident in copper-gold ore operation such as Telfer mine in 
Western Australia. The purpose of this review is to identify a suitable processing option for 
minimising reagent consumption and at the same time achieving the same or improved 
metallurgical performance.   
 
It is important to understand the ore mineralogy and its likely effects on the metallurgical 
performance. Firstly, the mineralogy of copper-gold ore is discussed. 
2.1.1 Copper-Gold Ore Mineralogy 
 
Before an ore is mined and processed for valuable metal recovery, it is important to understand the 
mineralogy of that ore and its effect on metallurgy. Copper-gold ore mineralogy has been studied 
and reviewed by many authors. It is stated that the main copper minerals in copper-gold ore 
deposits are chalcopyrite, chalcocite, covellite, bornite and enargite. The largest source of copper is 
from porphyry ore deposits in which one or a combination of these minerals occurs (Bulatovic, 
2007). It was also noted that a typical copper sulphide ore contains various iron sulphide minerals 
that generally include pyrite. The major gangue minerals include silicates, carbonates, talc and clay 
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minerals (Bulatovic, 2007). Gold and silver are often found to be present, either associated with the 
sulphides or free. 
 
The processing characteristics of copper-gold ores vary from ore to ore and are closely related to the 
mineralogical composition of the ore.  Based on their composition, copper-gold ores have been 
classified into several distinct groups, by Bulatovic (2007) and are stated below: 
 
Copper-gold ores containing pyrite:  In these ores, gold occurs as elemental gold, some of which 
can be enclosed within the pyrite and in the copper minerals.  In these ores, chalcopyrite is the 
predominant copper mineral, but it can be accompanied by secondary copper minerals and arsenic 
minerals. 
 
Copper-gold ores with negligible pyrite content:  These deposits are usually of low grade, but with 
a highly complex mineralogical matrix.  Clay minerals may be present in high concentrations and 
with a wide range of compositions. Gold is present as metal, as aurocupride or associated with 
sulphosalts.  Copper is found as mixtures of chalcopyrite, bornite, covellite and chalcocite. 
 
Altered supergene copper-gold ores:  The copper minerals include native copper, chalcocite and 
malachite.  Large portions of the gold (up to 50%) can be associated with gangue minerals.  Gold 
may also be present in the unaltered copper sulphide minerals.  Invariably, these ores have high clay 
content.  Clays are the main reason for low recoveries of copper and gold by flotation. 
 
Copper-gold ores can be deposited as copper sulphide ores or porphyry copper ores (Bulatovic, 
2007). Copper sulphide ores were categorised as ores where the pyrite content can vary from 10% 
to 90%. The pre-dominant sulphide mineral in this ore is pyrite, but may also contain pyrrhotite and 
marcasite (Bulatovic, 2007). Some copper sulphide ores also contain significant quantities of gold 
and silver.  
 
Porphyry copper ore bodies are the most abundant copper ores, with more than 60% of the world’s 
copper productions come from these ores. This type of ore deposit often contains 0.4% to 1 % 
copper with smaller amount of molybdenum, gold and silver, which is recovered as a by-product 
(Bulatovic, 2007). The major economic products from porphyry copper deposits are copper, 
molybdenum and gold. Original sulphide minerals in these deposits are pyrite, chalcopyrite, bornite 
and molybdenite.  
 
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
11 
 
Gold, particularly when found in base metals ores, is often recovered by flotation. Gold mineralogy, 
whether in base metal ores or other ores, can be complex (Bulatovic, 2007; Rivett et al., 2007). The 
difficulty in being precise about gold mineralogy is that in most ores the gold is in such low 
concentration that seeing the gold is difficult, therefore understanding much about its occurrence 
and associated mineralogy is also difficult (Rivett et al., 2007). Gold can occur as free native gold 
or associated with different minerals, depending on the nature of the ore formation. Marsden and 
House (1992) have also indicated that gold may occur in grains which can be liberated readily, in 
relatively small grains which are difficult to liberate, or occur in solid solution. Gold also occurs 
interstitially between sulphide grains or in the non-sulphide gangue (Figure 2.1).   
 
 
 
Figure 2.1:  Gold associations with sulphide minerals (Marsden and House, 1992) 
 
Gold also occurs as free milling ore as illustrated (Figure 2.1). Where the gold is intimately 
associated with various sulphide minerals, especially iron sulphides which include pyrite, 
arsenopyrite and pyrrhotite, flotation recovery of the gold is dependent on recovery of the 
associated minerals. In this case gold recovery follows the associated sulphide mineral recovery  
 
1) Readily liberated gold 
 
2) Gold along crystal grain boundaries 
 
3) Gold grain enclosed in pyrite/sulphide 
 
5)   Gold in concretionary pyrite (or other sulphide) 
 along fractures or crystal defects 
 
6) Gold as colloidal particles or 
 in solid solution in sulphide 
 
4) Gold occurrence at the boundary  
between sulphide grains 
 
Au 
Sulphide Sulphide or other material 
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Consequently, gold flotation recovery requires a focus on floating the associated base metals 
(predominantly copper) and often pyrite minerals.  
2.1.2 Flotation Behaviour of Chalcopyrite and Pyrite as an Individual Mineral  
2.1.2.1 Chalcopyrite (CuFeS2) 
 
The flotation characteristics of chalcopyrite as an individual mineral have been studied by many 
researchers (Heyes and Trahar, 1977; Yoon, 1981; Bulatovic, 2007). They have concluded from 
these works that the mineralogy of the ore mineral impurities in a crystal structure, variation in 
crystal structure, other interfering gangue minerals and the liberation characteristics of individual 
minerals in a particular ore are some of the factors that influence flotation properties. It was also 
reported (Trahar, 1984; Bulatovic, 2007; Maurice et al., 2007) that the floatability of chalcopyrite 
was dependent on the pulp potential, on the grinding environment and floats readily between pH 5-
11 with xanthate collector. Without any impurities present in the crystal structure, chalcopyrite is a 
stable mineral and does not oxidize readily (Ralston et al., 2007; Bulatovic, 2007). It was also 
postulated that chalcopyrite oxidizes in a weak acid (pH 6) and acid medium where, in the solution, 
it appears as H+, Cu2+ and Fe2+ (Bulatovic, 2007). At low pH values, iron dissolves from 
chalcopyrite, leaving a hydrophobic, iron deficient sulphur rich surface, which results in higher rate 
of chalcopyrite flotation (Ralston et al., 2007). Ralston et al (2007) also concluded that in alkaline 
conditions, a layer of metal hydroxide is formed above the sulphur-rich mineral surface. The 
sulphur-rich surface consists of metal deficient polysulphide or elemental sulphur depending on the 
extent of oxidation.  
 
It was also concluded that chalcopyrite from massive and finely disseminated sulphide ores has 
different flotation properties (Bulatovic, 2007). The floatability of chalcopyrite is highly dependent 
on oxygen present in the pulp (i.e. aeration), pH of the pulp and the type of collector. From this ore 
type, chalcopyrite floats much better with dithiophosphate and thionocarbamate collector than with 
xanthate (Bulatovic, 2007).  
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2.1.2.2  Pyrite (FeS2) 
 
It was noted from the work of Bulatovic (2007) that pyrite appears in many varieties, some of which 
are crystalline pyrite, isomorphous pyrite, altered, oxidized and pre-activated. The pre-activated 
pyrite comes from the impurities in the pyrite crystal structure or as micron-sized impurities of 
silver minerals, copper, cobalt and nickel (Marsden and House, 1992; Bulatovic, 2007). These 
impurities in crystal structures can affect metallurgical output. 
It was also noted that pyrite is readily oxidized, which is associated with its crystallography and its 
crystal structure. During the grinding of natural ores, pyrite uptakes oxygen, which reacts with 
pyrite surfaces forming different sulphur-containing compounds depending on the pulp pH. In 
alkaline pH, it forms (SO4)-2 ions, which at an acidic pH form (S2O3)-2 . 
 
It is known that pyrite belongs to a group of highly floatable minerals. However, the floatability of 
pyrite as well as the hydrophilicity (depression), largely depends on the temperature under which 
pyrite is formed. For example, pyrite formed under low temperature (i.e. highly crystalline pyrite) is 
less floatable than pyrite formed at a higher temperature. In the case of porphyry copper ores and 
low pyrite sulphide ores, the pyrite mainly contains impurities consisting of copper, gold and silver. 
Rejection of this pyrite is achieved at high alkaline pH (i.e.>11.5). In general, the depression of 
pyrite and selection of depressants largely depends on the type of ore treated.  
2.1.3 Copper-Gold Ore Flotation Overview 
 
Flotation is the principal process for concentration of sulphides for subsequent smelting, roasting or 
hydrometallurgical treatment. Copper-gold ore treatment today applies mineral processing 
techniques such as crushing, grinding and flotation to recover gold and copper from the ore. The 
run-of-mine (ROM) ore always goes through a comminution circuit. The primary purpose of 
grinding is to liberate valuable mineral from the gangue. The product from the grinding circuit goes 
through a classifying device (usually a hydrocyclone) to separate coarse particles from the fines. 
The overflow from the cyclone, which comprise mainly the fine materials, is the flotation feed with 
the coarse particles returned to grinding. The ground ore slurry from the comminution circuit passes 
to a flotation circuit for recovery of gold and copper to a concentrate containing elevated gold and 
copper values. In flotation, several parameters are controlled for better metallurgical performance. 
These parameters include pH of the slurry, percent solids, reagents dosages, particle size and air 
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flowrate. For controlling the pH, lime is usually used in the plant. Copper flotation at high pH value 
is generally used for depressing pyrite present in the ore.  
 
In most copper gold ore treatment operations around the world, copper is produced as a concentrate 
together with gold. Copper is produced as the main commodity and gold as by-product. The final 
copper concentrate grade usually ranges from 25-30% on average when the copper exists mainly in 
chalcopyrite. The grade of gold in the final concentrate depends on the metallurgical compositions 
of the feed and usually averages from 16 to 25 g/t.  
 
The feed grade for copper-gold in a porphyry ore system usually ranges from 0.1-1% Cu with gold 
as low as 0.1 g/t (Seaman, 2011). Most copper-gold concentrators employ a copper selective 
method to upgrade copper-gold grades to a marketable product. The reason for this selection of 
processing technique is based on the pyrite composition in the feed. Table 2.1 summarises the 
different methods of copper-gold ore treatment and their feed grade for Cu, S and Au. 
 
Table 2.1:  Copper-gold ore treatment methods applied in different operations and their 
metallurgical performance. Data obtained from company production focus, fact sheet and personal 
communication. 
 
Mine Treatment Methods 
Bulk Sequential 
Feed Grade Conc 
Grade 
Recovery Feed Grade Conc 
Grade 
Recovery 
Cu 
% 
S 
% 
Au 
g/t 
Cu 
Sulp 
Other 
Sulp 
Cu 
% 
Au 
g/t 
Cu 
% 
Au 
% 
Cu 
% 
S 
% 
Au 
g/t 
Cu 
sulp 
Other 
sulp 
Cu 
% 
Au 
g/t 
Cu 
% 
Au 
% 
Ok Tedi - - - - - - - - - 0.8 2-5 1.1 2.3 2-7 28 20 86 69 
Batu Hijau 0.4 0.5 0.3 1.1 0.2 32 20 65 60 - - - - - - - - - 
Telfer 0.3 0.4 0.9 0.9 0.2 21 - 85 75 0.4 1-5 1.0 1.2 1-9 23 20 86 76 
 
Conc = Concentrate, Sulp = sulphides 
 
From Table 2.1, it is understood that the selection of a treatment method depends on the sulphide 
composition in the feed. When a high amount of gold bearing sulphides (high pyrite) is present in 
the ore, the traditional option for treatment is to apply sequential flotation, where copper and gold 
are recovered separately. On the other hand, low sulphides (low pyrite) ores are treated using bulk 
flotation.   
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Flotation of copper-gold ores is a very important commercial practice with many plants operating 
throughout the world. Because of the relatively high value of the two important elements present 
(gold and copper), ore treatment can be viable on relatively small throughputs of moderate grade 
(e.g. Mt. Moss) ore as well as enormous tonnages of low grade ore (e.g. Freeport, Ok Tedi, Telfer, 
Cadia Valley, Batu Hijau). Under the following headings, a review of different copper-gold 
extraction techniques will be presented. These will comprise sequential flotation (including copper 
selective flotation) and bulk flotation.  
2.1.3.1 Sequential Flotation 
 
In a copper-gold-pyrite flotation circuit, the sequential flotation process is defined as a selective 
copper and pyrite flotation where the copper sulphide species are floated to produce a copper 
concentrate while the pyrite component of the ore is depressed using high pH and cyanide. The 
pyrite is then activated and floated. The sequential process is applicable in ores where gold 
associated with the pyrite is deemed economically viable for further treatment.  
 
Copper-pyrite separation usually occurs at the roughing flotation stage. This is done by increasing 
the pulp pH to greater than 9 (Blondin et al., 2005; Bulatovic, 1997, 2007; Forrest et al., 2000). At 
high pH (>10.5), pyrite tends to be strongly depressed due to the hydrophilic surface produced by 
the presence of hydroxyl ions in the pulp (Yuqiong et al., 2011; Janetski et al.,1977).   
 
The concentrate from the copper rougher circuit is further upgraded in a cleaning circuit. In most 
cases, the copper-rougher concentrate is reground prior to cleaning. In the cleaning stage, the pH is 
further raised to depress activated pyrite to improve copper-gold grade. Other liberated non-
sulphide gangue minerals mostly recovered in the rougher by the entrainment mechanism can be 
removed by dilution cleaning.  
 
In general, the combined tailing from the copper rougher circuit and cleaner circuit is further floated 
for pyrite recovery by utilising PAX and controlled potential sulphidation (CPS – for ores where 
oxidised gold containing mineral are present) to ensure all gold bearing minerals are floated for 
optimum gold recovery. In the case of Telfer Mine in Western Australia, the resulting concentrate 
from the pyrite flotation circuit is processed to recover gold in a separate circuit consisting of 
cyanide leaching. At Telfer, the ore for this treatment is characterised by a Cu:S ratio <0.4 (Benson 
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et al., 2007). The ores also contain a high proportion of pyrite bearing gold and are typically low in 
cyanide soluble copper (CNSCu). A copper selective collector (RTD11A-thionocarbamate) is added 
to the mill discharge at Telfer. Other addition points are also utilised when required. Other reagents 
such as NaCN (sodium cyanide) and Na2S (sodium sulphide) are also added for good copper 
recovery and grade control (Benson et al., 2007).  
 
In the case where the gold deportment in pyrite is not economic, copper rougher tailings can be 
stored in tailings dam. An example of such a process is carried out at Ok Tedi in Papua New 
Guinea. At Ok Tedi, pyrite flotation at the tail end of the copper circuit was installed in 2007 due to 
the environmental impact of high sulphur in the flotation tailing. In Ok Tedi, the sulphide gangue 
(pyrite) does not contain an economic metal value (e.g. Au) which can be further treated. However, 
when high sulphur ore (>3%) is the feed to the mill, the rougher flotation pH is adjusted to a value 
(>11) by lime to completely depress the pyrite (Akop, 2007) for good copper concentrate grade. 
 
For ores containing poly-metallic sulphide minerals, especially complex sulphide ores, pyrite can 
only be depressed at very high additions of lime (at pH > 12); such is the case at Fankou Mine in 
China where pyrite is very floatable (Yuehua et al., 2009).  
 
When gold is present in free and liberated forms in the ore, gravity concentration circuits are 
usually established at the comminution circuit to recover coarse liberated gold (e.g. Cadia Valley, 
Telfer, Ok Tedi). A gravity circuit may be in the primary grinding circuit and/or the regrinding 
circuit. A gravity circuit recovers most of the liberated gold which is smelted on site to produce 
dore or shipped to overseas smelters. Figure 2.2 shows a simplified sequential flotation flowsheet 
arrangement in a copper-gold ore processing circuit. 
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Figure 2.2: Simplified Cu-selective sequential circuit with possible addition points for pyrite 
depressants and activators (Na2S are added when oxidised ores are present and applied for 
control potential sulphidation CPS – purposely to recover gold associated with the oxide 
material) 
2.1.3.2       Bulk Sulphide Flotation (Low Pyrite Feed) 
 
Bulk sulphide flotation is a process in which all sulphide minerals are separated from non-sulphide 
gangue by flotation. In this process, both copper and gold bearing sulphides are floated to produce a 
bulk rougher copper-gold concentrate.  pH in the rougher flotation feed is usually lower (< 9 or 
natural) and raised further in the cleaning stage to depress pyrite, if necessary (Figure 2.3). The 
cleaning stage also provides rejection of liberated non sulphide gangue due to the use of dilute 
pulps. Examples of such treatment methods are the Telfer operation (for ores with a certain range of 
Cu:S ratios only) and Batu Hijau.  
 
The Telfer concentrator comprises a dual train comminution circuit followed by flotation and a 
carbon-in-leach (CIL) circuit. The process flowsheet is more complex than the other operations 
because of the need to process a range of mineralization and ore types.  Both streams contain a 
gravity gold recovery circuit.  Generally, in this type of method, lime addition to separate pyrite 
from copper sulphides is not needed due to low pyrite content of the feed. In general, the bulk 
concentrate can be further treated in a separate circuit such as regrinding and cleaning flotation.  
Feed 
pH 9-12 
pH 8-9 
NSG 
& Pyrite 
Copper Rougher 
Cu Cleaner 
Pyrite Rougher 
Pyrite cleaner 
Pyrite cleaner tail Cu cleaner tail 
Final tail 
Cu Rougher conc 
Pyrite/Au Concentrate Cu/Au concentrate 
Lime, NaCN 
Lime, NaCN 
PAX, Na2S 
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The selection of the option for bulk sulphide flotation in Telfer is based on the Cu:S ratio. If the ore 
to the mill feed contained high copper and low sulphur, then bulk sulphide flotation would be a 
good option. This method will hence allow for achieving higher gold recovery without affecting the 
copper concentrate grade. Currently, Telfer’s processing option for bulk sulphide flotation happens 
when Cu:S ratios are >0.7 (Benson et al., 2007). This is caused by high chalcocite and low pyrite 
feed grades. However, if the ore entering the plant has a lower Cu:S ratio of <0.7, it becomes very 
difficult to achieve a saleable copper concentrate which may lead to a change in circuit 
configuration (Benson et al., 2007). When the ore blend is high in copper oxides and copper 
carbonates, while still indicating a high copper to sulphur ratio, the flotation circuit may struggle to 
achieve the target concentrate grade. This is where the controlled potential sulfidisation (CPS) is 
applied but can lead to lowering of the final concentrate grade (Benson et al., 2007). In Telfer, the 
process flowsheet is more complex than the other operations because of the need to process a range 
of mineralization and ore types.  The Telfer operation flowsheet comprises (Figure 1.1) two trains, 
each containing a gravity gold recovery circuit. Approximately 40% of the gold at Telfer is 
produced as dore which is smelted on site (Seaman, 2011).  
 
Similar approaches have been utilized recently at the Batu Hijau operation in Indonesia (Teguh, 
2012). Due to the lower sulphur grade in the feed with no gold (or small amount - uneconomical for 
further treatment) contain in pyrite, Batu Hijau is currently treating ore at natural pH in the rougher 
to produce a bulk concentrate. The bulk concentrate is mainly comprised of low pyrite; the 
contained copper sulphides are concentrated in the cleaning stage at high pH (>11) purposely to 
depress pyrite for good copper grade. CPS is also utilised at Batu Hijau to recover secondary copper 
minerals (Teguh, 2012). Figure 2.3 is a simplified flowsheet for bulk operations. The reagents used 
at Batu Hijau are collector and pyrite depressant at the cleaners and NaHS for CPS (Teguh, 2012) 
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Figure 2.3: Bulk roughing flowsheet (low pyrite feed) for copper recovery with possible 
reagent addition points  
2.1.3.3  Flotation of Lime-Depressed Pyrite   
 
The extensive literature on sulphide flotation indicates that pyrite floats poorly under alkaline 
conditions (Blondin, et al., 2005; Yuqiong et al., 2011; Janetski et al.,1977; O’Connor and Dunne, 
1991). Xanthate concentration has a positive effect on pyrite flotation, but above a pH of 10 pyrite 
seems to be strongly depressed (Blondin, et al., 2005). It was also reported that at high pH, 
selectivity of liberated gold against pyrite was also possible with a number of collectors (Forrest 
and Dunne, 2000). 
 
Potassium amyl xanthate (PAX) is used to re-activate and float pyrite (after depression by lime) 
from copper rougher tailings in a selective circuit. Under alkaline conditions, it is widely accepted 
that exposed pyrite surfaces are mainly covered by iron oxides, iron hydroxides, calcium 
hydroxides, calcium sulphates and dissolved metal ions (Blondin et al., 2005; Yuehua et al., 2009). 
According to Yuehua et al. (2009) the formation of calcium hydroxides, Ca(OH)2, takes place at the 
lime-depressed pyrite surface because of the high pH and oxidizing atmosphere. These hydrophilic 
species account for the complete depression of pyrite by lime treatment. However, current practice 
Bulk rougher 
Bulk Cleaner 
Feed 
Final tail 
NSG/pyrite 
Cu/ Au concentrate 
pH 6-8.5 
pH 9-12 
Lime or NaCN 
 if necessary 
Xanthate 
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for lime-depressed pyrite flotation is reducing the pH to less than 9 by possible activators (acids) to 
clean these hydrophilic coatings.  
 
Yuehua et al. (2009) have tested a series of organic and inorganic acids for the flotation of lime 
depressed pyrite. Oxalic acid was the strongest activator in the organic acid series. This is indicated 
in Figure 2.4. When the concentration of oxalic acid is greater than 5 x 10- 3 mol/L, the flotation of 
lime depressed pyrite can be restored and reaches 94%. The activating efficiency descends in the 
order of oxalic acid > butyl bicarboxylic acid > propanic acid > acetic acid > poly aminophosphoric 
acid. 
 
 
Figure 2.4: Flotation recovery of lime-depressed pyrite activated by organic acids vs. 
concentration of activators (Yuehua et al., 2009). BX: Butyl xanthate. 
 
For the inorganic acid series (Figure 2.5), it was shown that sulphuric acid is the strongest activator. 
The activation flotation of lime depressed pyrite can reach 80% with 5 x 10-3 mol/L. The activating 
efficiency decreases in the order of sulphuric acid > poly-phosphoric acid > phosphoric acid > 
carbonic acid > hydrochloric acid. At a high dosage, phosphoric acid and carbonic acid also exhibit  
good activation ability.  
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Figure 2.5: Flotation recovery of lime-depressed pyrite activated by inorganic acids vs. 
concentration of activators (Yuehua et al., 2009). 
 
In Figures 2.4 and 2.5, it can be seen that both oxalic acid and sulphuric acid can be used as 
effective activators for the flotation of lime-depressed pyrite. A pyrite concentrate with a high 
sulphur grade and recovery can be obtained.  
2.1.3.4 Flotation of Complex Sulphide Ores 
 
Due to the increasing demand for metals, mining companies today are involved in treating complex 
ores which may be risky for business operation. Complex ores are often characterized by 
particularly fine intergrowth of the mineral values. Due to this specific mineralogical characteristic, 
it is necessary to finely grind for economic recovery in the flotation circuit. Apart from high energy 
consumption in fine grinding, flotation efficiency deteriorates rapidly with decreasing particle size 
below approximately 10 microns. Many investigators have identified various reasons for this 
difficulty, including high reagent consumption, high rate of surface reactions, slime coating, 
morphological and surface chemical changes during fine grinding (Yoon et al., 2002). This may 
result in poor metallurgical performance. 
 
According to Bulatovic (2007), sulphide copper ores are considered easier to treat if the main 
copper mineral is chalcopyrite. If the ore contains secondary copper minerals, such as chalcocite, 
bornite and covellite, depression of pyrite may be a problem because pyrite can be activated by 
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copper ions generated during the grinding operation under reducing conditions. Zanin and 
Farrokphay (2011) have also reported that copper activation of the floatable pyrite is likely to occur 
in the grinding mills, due to galvanic interactions with chalcopyrite, followed by oxidation of the 
latter, dissolution of Cu2+ ions and deposition of Cu(OH)2 and Cu2S on the surface of pyrite. Due to 
such complexity in the grinding environment when treating secondary copper minerals, the 
operation at Batu Hijau is facing difficulty in achieving the metallurgical target currently (Teguh, 2012). 
 
Some copper sulphide ores can be partially oxidized, also influencing the selection of a reagent 
scheme, with the exception being a hypogene sulphide copper ore. Copper sulphide ores are 
normally finer grained than porphyry copper ores and require finer grinding (i.e. 70–80% <200 
mesh) (Bulatovic, 2007). He also added that copper sulphide ores are disseminated and, in some 
cases, would require fine re-grinding of the rougher concentrate. Fine copper sulphide minerals 
have a lower rate of flotation, which may result in losses in recovery. Unlike porphyry copper ore, 
where the reagent schemes are similar for most operations, the reagent schemes used for the 
treatment of sulphide copper ores are much more diverse and are designed to cope with specific 
problems associated with processing the ore (Bulatovic, 2007). 
2.2  Flotation Chemistry 
 
Valuable metal is recovered by ore treatment processes such as flotation, gravity concentration, 
leaching and other appropriate techniques. The ore is ground in a series of grinding mills prior to 
downstream processing. In the grinding environment, due to the conductivity of minerals, 
temperature and presence of oxygen, minerals are subject to reactions which affect their later 
flotation behaviour.    
2.2.1 Pulp Chemistry of Sulphide Minerals in Ore Grinding Environment 
 
The reported effects of the grinding method and grinding medium upon the flotation performance of 
sulphide minerals have shown that the pulp chemical environment, the ore composition, the 
properties and type of the grinding media, the size reduction method employed, pre-conditioning 
stages prior to flotation, and reagent interactions during grinding (and conditioning) can influence 
the subsequent flotation process (Johnson, 2012; Bruckard et al., 2011; Greet et al., 2005). These 
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factors are reviewed and discussed in relation to the flotation of pyrite and copper sulphide 
minerals.  
 
It was reported that galvanic interactions between sulphide minerals and steel grinding media 
increase iron levels in solution, lower the dissolved oxygen concentration in the slurry, and result in 
the formation of insoluble iron hydroxides (Greet et al., 2004) in alkaline conditions. When iron 
hydroxides present in the pulp become coated on the surface of the copper sulphides then copper 
minerals may become more hydrophilic. These changes can be deleterious to copper sulphide 
flotation and its effect became an area of investigation and research for possible solution.  
 
From work by Greet and Kinal (2008), it was reported that high chrome alloy balls can have 
beneficial effects on flotation performance in some systems by limiting the formation of iron 
hydroxides in the pulp. Galvanic interactions between the sulphide minerals can also occur, 
depending on the mineralogy of the ore, and they can influence the separation efficiency in flotation 
by increasing the oxidation rate of some minerals.   
 
While reagent additions, such as collector, lime, or cyanide, during milling can alter the pulp 
chemistry during grinding, there is little clear evidence in the literature that their addition during 
grinding has any strong influence on the subsequent floatability of copper sulphide and pyrite 
particles (Bruckard et al., 2011).  
 
Greet et al. (2005) also mentioned that during comminution the total wear in the grinding mill is 
made up of abrasion, corrosion and impact losses. It is understood that under wet grinding 
conditions, the effect of media corrosion is considerably higher than that observed for dry grinding 
(Greet et al., 2005; Johnson, 2012; Greet and Kinal, 2008). The difference in wear rates is attributed 
to the effects of corrosion.  
 
For the case of sulphide minerals, when brought into contact with ferrous grinding media, galvanic 
interactions occur (Figure 2.6). Generally, the grinding media acts as an anode, as it normally has 
the lowest rest potential (Table 2.2) of all the components in the system, and undergoes oxidation 
while the sulphide minerals act as cathodes and undergo oxygen reduction (Greet et al., 2005).  
 
Typical reactions according to Greet et al (2005) are:  
 
At the cathode (sulphide mineral): 1/2O2 + H2O + 2e- → 2OH-    (2.1) 
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At the anode (grinding media): Fe → Fe2+ + 2e-      (2.2) 
 
 
Table 2.2: Rest potential of common sulphide minerals and of grinding media in distilled 
water at near neutral pH (Greet et al., 2005) 
 
Mineral/Media 
Rest Potential, V (SHE) 
N2 Air O2 
Pyrite 0.389 0.392 0.395 
Arsenopyrite 0.277 0.303 0.323 
Pyrrhotite 0.276 0.285 0.318 
Chalcopyrite 0.290 0.355 0.371 
Cobaltite 0.200 0.275 0.303 
Nickel arsenide 0.173 0.175 0.201 
Galena 0.142 0.172 0.218 
Mild Steel -0.515 -0.335 -0.175 
 
 
Broadly most sulphide minerals are more noble than the grinding media used during comminution, 
hence a galvanic couple between the media and sulphide mineral exists. The corrosion products of 
the grinding media, iron oxy-hydroxide species, invariably precipitate on the surfaces of the 
sulphide minerals thereby affecting their floatability (Johnson, 2012; Greet et al., 2004, Woods, 
2010).  
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Figure 2.6: A schematic representation of the electrochemical cell when ferrous grinding media is 
in contact with sulphide minerals, within an aqueous medium (Greet et al., 2005) 
 
Invariably iron oxy-hydroxy species form on the surfaces of the sulphide minerals, produced by the 
reaction of ferrous iron (Fe2+) from equation 2 with hydroxyl (OH-) ions derived from the reduction 
oxygen by equation 1. It is these resultant hydrophilic surface coatings which may affect the 
floatability of the sulphide minerals (Johnson, 2012, Bulatovic, 2007, Miller et al., 2002). 
Therefore, preventing the formation of these iron hydroxide species should have a positive impact 
on the flotation response of sulphide minerals. Grinding in a mild steel mill is suggested to cause a 
reducing environment, galvanic interactions and formation of surface hydroxides which suppress 
sulphide flotation (Maksimainen et al., 2010).  
 
Similarly, sulphide minerals can undergo galvanic interaction and this can enhance oxidation of 
mineral and affect selective flotation (Woods, 2010). For example, pyrite has a relatively high rest 
potential and also strongly supports oxygen reduction (Biegler et al., 1977, Woods, 2010). If a 
mineral such as galena is in contact with pyrite in a flotation pulp, its oxidation is not only driven 
by oxygen reduction on itself, but also that on pyrite and, consequently leading to loss in flotation 
recovery (Woods, 2010).  
 
It was also reported (Li et al., 1995; Khmeleva et al., 2006) that depression of pyrite by sulphide 
ions at alkaline pH has been observed, due to the sulphite interaction with xanthate collector 
molecules in solution, as well as with the pyrite surface. The adsorbed sulphite molecules can 
interact with mineral sulphur species decreasing the surface hydrophobicity (Li et al., 1995; 
Khmeleva et al., 2006). This mechanism incorporates both the consumption of dissolved oxygen 
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(decrease in solution Eh) and the formation of hydroxide ions (esp. Cu hydroxide) in solution or at 
the mineral surface.  
2.2.2 pH and Eh 
 
Control of pH is one of the most widely applied methods for the control of mineral flotation. pH has 
a significant effect on flotation and an indirect effect on pulp potential. According to Goktepe 
(2001), the effect of pH on sulphide flotation also requires paying particular attention to the pulp 
potentials involved. Trahar (1984) also concluded that the influence of pH cannot be considered 
separately from pulp potential and that competition between hydrosulphide and collector ions is 
unlikely in a typical flotation pulp.   
  
Lime (as CaO or Ca(OH)2) is being used in many copper sulphide flotation plants, partly as a pH 
modifier to depress iron sulphides, and to improve the floatability of copper sulphides minerals. It 
was reported (Bruckard et al., 2011) that the reducing effect of iron, caused by grinding in a mild 
steel environment could be largely inhibited by adding lime to the mill, by lessening the extent of 
corrosion of the mild steel media with increased pH. 
 
On the other hand, flotation pH is also an important parameter. Due to chemical nature of the 
mineral treated, each mineral has a different pH value for collector adsorption. Results of 
experimental and theoretical investigation have shown that every pH value (below the limiting pH) 
has its corresponding concentration of xanthate ions ([X-]) that ensured complete or maximum 
flotation (Abramov and Forssberg, 2005). Conversely, every [X-] value in the pulp has a 
corresponding value of pH that, if exceeded, causes an abrupt reduction in the floatability of 
minerals. Abramov and Forssberg have also stated that the necessary [X-] value for their complete 
or maximal flotation depends on the length of the xanthate hydrocarbon chain and is practically the 
same irrespective of the origin of the copper sulphides. For example, chalcopyrite of three deposits 
require the same [X-] for their maximum recovery. In acid and highly alkaline media, copper 
sulphides are unstable and are dissolved with the formation of cations of bivalent copper and 
anionic-type aqua complexes (Abramov and Avdohin 1997). This indicates that the degree of 
sulphides oxidation must increase with increase in pH value (more alkaline). Formation of 
elemental sulphur S0 on the mineral surface is possible in acidic and reducing medium. 
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The measured pulp potential values (Eh) of suspensions of copper sulphides and industrial pulps of 
ores of nonferrous metals (Abramov 1978) at all pH values are more positive then the necessary 
ones for interphase (sulphide–oxide) transition and this is the reason for copper sulphides oxidation. 
The oxidation of a freshly exposed, for example, chalcopyrite surface is confirmed by sharp 
displacement of its electrode potential (u-potential) to the positive side because of formation on its 
surface of passivating films of oxide compounds (Abramov, 1998).  At high positive potential 
values (Eh) values of the pulp, ferric hydroxide Fe(OH)3 is formed. At ‘less positive’ (or ‘more 
negative’) Eh values, ferrous carbonate FeCO3 (pH < 8.6) or ferrous hydroxide Fe(OH)2 (pH > 8.6) 
can be formed (Abramov and Forssberg, 2005). The formation of ferric hydroxide resulted in 
coating of the surface of copper sulphide particle and depressed the copper mineral.  
 
Hintikka and Leppinen (1998) completed a study of the potential control in the flotation of sulphide 
minerals and precious metals. The investigation using Saattopora ore revealed that at potentials 
lower than +50mV, recovery of the gold was below 20%, whereas at a potential of +270 mV, the 
recovery increased to 80%. There was also a step change in the recovery at a potential of +230 mV, 
which was thought to be due to changes of the gold's surface or changes in the collector layer. The 
iron sulphide recovery was highest at a potential of +50 mV and it decrease beyond this potential. 
The recovery of the copper minerals increased to a maximum level at +200 mV and levelled off at 
the +230 to +270 mV range.  
2.3 Effect of Reagents 
 
Xanthates are most commonly used as collectors for copper sulphide minerals, but if liberated 
native gold is present, then dithiophosphates may be added in conjunction with xanthate (Woodcock 
et al., 2007). Frothers most commonly used are synthetic alcohols of the polyglycol type. Natural 
oils such as pine and eucalyptus oils are used rarely today.  
 
One of the activators used today is copper sulphate, especially to activate sulphides including pyrite 
which has been previously depressed in a copper flotation circuit. Sodium sulphide is also used as 
an activator for tarnished copper sulphide minerals or oxide minerals that may be present 
(Woodcock et al, 2007). For modification or control of pH, the less expensive alkalis (lime and 
sodium carbonate) or less expensive acids (sulphuric and sulfurous) are mostly used as pH 
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modifiers. Depressants for various unwanted minerals include a range of inorganic salts and a range 
of organic colloids. Fuel oil is used as a froth modifier in chalcopyrite-molybdenite separations. 
 
An excessive concentration of collector can have an adverse effect on the efficiency of sulphide 
minerals flotation (Lynch et al., 1981). For example, increased xanthate concentration would lead to 
drop in the recovery of lead in cleaner circuits. A possible reason for this effect is developing 
multilayers of collector on the particles (Lynch et al., 1981). According to the authors, the 
hydrocarbon end of the collector molecule was not orientated into the solution, therefore the 
hydrophobicity of the particle was reduced. 
 
Depressants in sulphide circuits have the opposite effect to collectors. They tend to reduce the 
recovery of all sulphide minerals but the reduction is greater in the case of gangue sulphides than 
the valuable sulphides (Lynch et al., 1981). It is usual practice to add sodium cyanide (NaCN) as a 
depressant of sphalerite and pyrite in the selective flotation of copper-zinc and lead-copper-zinc 
ores. Low levels of NaCN are enough to depress gold and pyrite flotation. NaCN causes the metal 
xanthate to become more soluble preventing absorption of the collector onto the metal surface. Lins 
and Adamian (1993) found that NaCN concentrations of up to 200 g/t did not affect the recovery of 
gold, but at concentrations above 500g/t, the depression of free gold is observed.  
 
Collectors, activators, modifiers and depressants affect the chemical environment of the flotation 
pulp and either enhance or reduce the probability of bubble mineral aggregates being formed 
(Lynch et al., 1981).  
2.4 Flotation Kinetics 
 
Generally, most liberated valuable minerals float faster than middlings particle. The rate equation 
for flotation is expressed as follows (Wills, 1988): 
v = -dw/dt= KnWn             (2.3) 
where, v (weight/unit time) is the flotation rate, W is the weight of floatable mineral remaining in 
pulp at time t, Kn is the rate constant and n is the order of reaction. The flotation of copper minerals 
was shown to be a first-order process (Wills, 1988), therefore, in this case the order of reaction (n) 
is one.  
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R= 1-exp(-kt)        (2.4) 
Where, R is the cumulative recovery after time t, k is the first order rate constant (time-1), t is the 
cumulative flotation time. 
 
In practice some floatable material is usually unrecoverable, as it may be encased in gangue. 
Therefore, researchers have further modified the rate equation to the form shown below (Wills, 
1988): 
R = RI[1-exp(-kt)]       (2.5) 
Where, RI is the maximum theoretical flotation recovery. The flotation rate constant is dependent 
on the particle size and the degree of liberation of the valuable mineral. 
2.5 Summary 
 
The summary for the literature review is as stated below: 
 
• High reagent consumptions exist in the sequential method since reagents are required 
in both copper and pyrite treatment circuits (Lime, NaCN – copper circuit, PAX, Na2S 
– pyrite circuit) 
 
• The bulk flotation (low pyrite feed) method is a simplified process treatment route 
which results in low cost operation  
 
• The selection of the bulk flotation (low pyrite feed) or the sequential method depends 
on the level of pyrite/sulphur in the feed or the nature of the ore 
 
• Reagents scheme selection depends on the nature of the ore itself and to minimize 
cost, one has to manipulate the reagent addition rate and at the same time  optimise the 
circuit performance 
 
• Flotation feed preparation condition for bulk flotation (low pyrite feed) or the 
sequential method is vital to meet metallurgical targets. The nature of the grinding 
conditions (Eh and pH) is an important feed preparation condition and the later 
flotation response can depend on this aspect of the feed preparation. It can be noted 
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that Cu+ ions, formed under reducing conditions in a mill, will activate pyrite making 
it much more difficult to depress in a following flotation circuit. 
 
• Reagents are required to reactivate lime-depressed pyrite. Furthermore, the high 
amount of lime added to the rougher stream results in increasing operating costs. 
 
The above literature review has revealed that there is usually a high consumption of reagent (e.g. 
lime) when copper-gold ores with elevated pyrite content are treated in traditional sequential 
circuits. However, treating such ores at natural pH will result in reduced lime consumption. This 
may be achieved by changing the flowsheet design from commonly used sequential method to a 
bulk sulphide approach. This approach is the heart of this study and will be discussed in this thesis. 
There are also additional reasons based on mineral liberation considerations why bulk approach 
would be more efficient which will be investigated in this project. 
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CHAPTER 3 - EXPERIMENTAL METHODS 
 
3.1  Introduction 
 
This chapter presents the experimental approach adopted to investigate the hypotheses of the thesis. 
The methodology involves the description of ore sample, reagents and apparatus, procedure and the 
technique used for feed mineralogical and chemical characterisation of the ore sample using 
Mineral Liberation Analyser (MLA) and X-ray Diffraction (XRD) technique (detailed procedure for 
the mineralogical assessment is stated in Chapter 4). In addition, the procedures used for conducting 
flotation experiments are also discussed.  
 
The research methodology comprises laboratory mill feed and product mineralogical and liberation 
characterisation, and batch-scale laboratory flotation characterisation of the ore sample which 
includes bulk roughing and cleaning flotation experiments. A suite of flotation experiments was 
conducted which involved: grind calibration tests, initial flotation tests, reproducibility tests, pH 
optimisation tests, collector dosage optimisation tests, experimental design (factorial design) tests 
and robustness tests. These tests were aimed at producing a laboratory bulk flowsheet in the thesis 
work.  
3.2  Ore Sample, Reagents and Apparatus  
 
A low grade copper-gold sulphide ore (high pyrite) from the underground mine in Telfer (top size, 
60 mm) was used to undertake the research project. The sample was taken from the belt delivering 
ore from underground to the coarse ore stockpile. The only sample preparation carried out at Telfer 
was crushing and splitting, there was no size separation carried out. The ore sample used for this 
project was from a single ore source from Telfer’s underground. Sample preparation and 
homogenisation was done at the JKMRC laboratory. The major minerals present in the ore sample 
as identified by the Mineral Liberation Analyser (MLA) are shown in Table 4.6 (Chapter 4).  The 
predominant sulphide minerals identified in the ore sample are pyrite (4%) and chalcopyrite (0.8 
%). The non-sulphide gangue (NSG) minerals are mainly composed of quartz, albite, amphibole, 
muscovite and dolomite. The gold bearing minerals were identified as pyrite and chalcopyrite using 
a gold particle search technique by MLA. The head grades for common elements present in the ore 
were: Cu 0.3%, S 2.5%, Au 1 g/t and Fe 3.3%; at a Cu:S ratio of 1:9. 
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In this study, a bulk flotation process (alternative to sequential) was proposed (Fig 1.2) for ores 
containing high sulphur (high pyrite) to be floated at natural pH with PAX and thionocarbamate 
(RTD11A) as collectors. The ore selected for this project was high sulphur/pyrite copper-gold ore 
from Telfer Mine in which most of the gold is hosted in pyrite and chalcopyrite. Bulk flotation is 
employed at Telfer for ores where sulphur is low in feed (low pyrite). It is also employed for ores 
with fine pyrite inclusion in chalcopyrite (fine pyrite inclusions hinder pyrite-chalcopyrite 
separation).  
 
The flotation reagents selected for the research include: collectors (xanthate and thionocarbamate), 
frother (alcohol-glycol blend) and pH regulators (lime, acid). An insoluble copper collector 
(RTD11A - thionocarbamate), potassium amyl xanthate (PAX), and weak frother (DSF004-Orica) 
were selected for this project. These reagents were selected due to their current application in the 
Telfer operation.  
 
The main test equipment that was used during the research program are listed below: 
 
 
• Laboratory jaw and roll crushers 
• Rotary splitter and screens 
•  A stainless steel laboratory rod mill 
• A 5 L and a 1.5 L laboratory batch flotation cell 
• Eh/pH and dissolved oxygen meters 
3.3  Test Work Breakdown 
 
A brief schematic diagram for the thesis test work is presented in Figure 3.1 and comprises the 
following main steps: sample preparation, mineralogical and chemical charaterisation (details in 
Chapter 4), grinding tests, flotation experiments, experimental design and robustness testing. 
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   Figure 3.1: Schematic block-diagram of the thesis research 
3.3.1 Sample preparation  
 
The sample preparation procedure of the ore can be divided into two steps: 
 
• A portion, approximately 70 kg of the bulk ore (uncrushed), was stored in a freezer (reserve 
sample).  The sample was split using a rotary splitter and the second portion was crushed 
using a laboratory jaw crusher to below 3.35 mm.  
 
• Once crushed, the second portion comprising 262 kg was homogenised using a rotary 
splitter and placed in 15-16 kg bags and stored in a freezer to minimise oxidation.  
 
 
 
 
 
332 kg of low grade copper-gold 
sulphide ore (dry rocks) 
Reserve uncrushed ore stored in 
freezer 
Size-by-size chemical and 
mineralogical characterisation of 
mill products 
15-16 kg ore bag stored 
in freezer 
Flotation experiments 
- Bulk roughing 
- Cleaning  
- Sequential 
- Robustness tests 
Preliminary bulk and size by size 
chemical and mineralogical 
characterisation 
Wet grinding using a stainless steel 
rod mill to the target flotation P80 
Sample homogenisation using a rotary 
splitter 
Stage crushing using a jaw crusher 
-3.35 mm (P100) 
262 kg 
70 kg 
Mill feed 262 kg  
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3.3.2 Laboratory Mill Feed Sample Analysis 
 
Laboratory mill feed samples were provided in bulk and size-by-size for chemical assays to 
determine the elemental composition of the ore and the distribution of Cu, Au, S and deleterious 
chemical elements in size fractions of the ore.  
Two more samples (duplicate) of the mill feed were also sent for mineralogical analysis. The 
mineralogical analyses of the mill feed samples were done using XRD and MLA to identify the 
major, minor and trace minerals in the ore and to determine the mineral proportions, grain size, 
mineral associations and liberation degree of the copper sulphides, pyrite and gangue minerals. The 
results of the mineralogical assessment are shown in Chapter 4.  In addition, this data set was used 
to establish a procedure to perform element to mineral conversion for this ore (refer to Chapter 4 for 
details on ore characterisation and element to mineral conversion). 
3.3.3 Grinding Tests  
 
Laboratory-scale grinding experiments for a range of grinding times were done to estimate the grind 
time for the ore sample. The target P80 for comparison of the sequential and bulk circuits was 106 
microns, which is currently used at Telfer Mine. From mineralogical assessment, it was shown that 
pyrite and chalcopyrite achieved greater than 90% liberation in the liberation class of 95-100% and 
100 % (Table 4.7 – Chapter 4) at size fractions below -212+150 microns. Several samples weighing 
2.0 kg were ground at different time intervals using a laboratory stainless steel rod mill. The 
samples were ground at 65% solids density. The dimension of the mill was 260 mm in length and 
205 mm in diameter with a standard charge of 11.627 kg. The ore was ground at a natural pH of 
about 7.9.  Size analyses for the ground products were done and a grinding calibration curve was 
established that indicated a grind time of 33 minutes gave a P80 of 85 microns and a grind time of 28 
minutes gave a P80 of 106 microns. Figure 3.2 shows the grind calibration curve. 
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          Figure 3.2: The grind calibration curve obtained at different time interval 
 
It has been reported that grinding conditions had a great effect on pyrite flotation in the presence of 
chalcopyrite (Peng et al., 2002, Zanin and Farrokhpay, 2011).  From their conclusions, it was 
reported that in the presence of chalcopyrite i.e. copper ions, mild steel medium produced a higher 
pyrite recovery than 30% chromium medium. The authors demonstrated that copper ions from 
chalcopyrite oxidation were responsible for pyrite activation in the presence of chalcopyrite, under 
the reducing condition from mild steel media (Peng et al., 2002, Zanin and Farrokhpay, 2011). 
Furthermore, the authors have found that grinding under the reducing conditions produced by mild 
steel media gave copper ions as Cu+ which were responsible for activating the pyrite.  It is clear that 
grinding media have different effects on the activation of pyrite by copper.  This may cause 
problems in depressing the pyrite in the copper-cleaning stage as pyrite could well behave, from a 
surface perspective, similarly to chalcocite and other secondary copper sulphide minerals, rendering 
their separation ineffective.  
 
In an earlier study by Trahar (1984), the floatability of chalcopyrite has been found to be dependent 
on the pulp potential, on the grinding environment, and on the nature of the frother. From the work 
of Trahar, there is a clear demarcation between flotation and non-flotation which is not pH 
dependent (pH range from 8-11) with floatability most likely to be extent from reducing condition 
to a more oxidising environment.   
 
Taking these factors into account, the ore samples used for grinding were stored in the freezer to 
prevent oxidation. A stainless steel rod mill was used for grinding the ore as stated earlier in the 
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normal tests in the thesis. This was to avoid creating reducing conditions in the mill. At reducing 
conditions, Cu+ ions are produced, which activate the pyrite in the system (Zanin and Farrokhpay, 
2011). The Eh value in the stainless steel mill after grinding under standard conditions was +284 to 
+324 mV SHE.  
3.3.4 Preliminary Testing of Flotation Conditions  
 
After establishing the grinding time, an initial flotation test was conducted using a 2.0 kg of ore 
sample in a JKMRC bottom driven 5L batch laboratory flotation cell.  The ore sample was ground 
to a P80 of 85 µm using a laboratory rod mill in the initial roughing and cleaning tests. The initial 
test conducted was to establish the test procedure and the operating conditions for the bulk roughing 
flotation tests. The sample was ground for 33 minutes and the product was transferred into a 5L 
flotation cell.  Two collectors, 80 g/t of PAX and 20 g/t of RTD11A, copper collectors were added 
into the pulp. The addition rates were at the high end of the reagent practice at Telfer for the 
separate copper roughing and pyrite rougher stages. This was a convenient procedure to obtain 
quickly a realistic bulk rougher with high recoveries of both chalcopyrite and pyrite.  RTD11A was 
added in the mill while PAX was added in the flotation cell. The flotation pulp was conditioned for 
2 minutes. The pH of the pulp was determined at 7.9 (natural). A weak frother (DSF004 - Orica) 
was also added before flotation. Flotation was conducted for 20 minutes and the products were 
collected, filtered, dried and their weights were recorded on a prepared sheet.  Other variables were 
kept constant during flotation and their values are listed in Table 3.1. Prior to the flotation 
experiments, the ore specific gravity was determined at 2.72 using a graduated cylinder. The 
specific gravity of the ore sample was used to calculate the volume of solids required and water 
required to carry out flotation tests in a 5 L cell.  
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        Table 3.1: The initial flotation test conditions 
 
Test Variables Type Test conditions 
Reagents Cu Collector (RTD11A) 20 g/t 
Non-Selective Sulphide Collector (PAX) 80 g/t 
Frother (DFS004) 20 g/t 
pH Natural 7.9 
Pulp % solids - 35% 
Air flow rate - 7 L/min 
Froth height - 1.5 cm 
Impellor speed - 1050 rpm 
Water type - Brisbane tap water 
Flotation time - 20 mins 
Conditioning time - 2 mins 
 
 
A number of flotation variables such as reagent type and dosage, addition point, airflow rate, 
flotation time and pH were selected based on Telfer laboratory practice.  In addition, replicate tests 
were also performed to obtain an estimate of the experimental error. Selected flotation products 
were then sent for chemical assays to evaluate the metallurgical performance (i.e. grade and 
recovery) of the tests.   
 
Preliminary metallurgical characterisation of the ore was performed by investigating three (3) 
conditions in the flotation experiments to improve the metallurgical performance of the ore. The 
three conditions were flotation time, pH and collector dosage (PAX and RTD11A).  
 
The flotation time for the initial test was at 20 minutes. After determining the metallurgical tests 
output from the initial test, the flotation time for the reproducibility tests was reduced to 10 minutes. 
Four reproducibility tests were conducted to determine the consistency in assay results and the 
metallurgical test results (see Chapter 5).  
 
Due to the bigger sample mass (>30g) required for gold assay, the initial flotation test and 
reproducibility tests concentrates did not sent for gold assay as the concentrates were small.   
Another flotation test was conducted for gold analysis with similar flotation testing conditions as 
for the reproducibility test. For this test, concentrate 2 was combined with concentrate 3 and 
concentrate 4 was combined with concentrate 5, while concentrate 1 was retained separately. A total 
of 3 concentrates together with the tail samples were sent for gold analysis. The results obtained are 
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discussed in Chapter 5. The procedures for other flotation experiments conducted are discussed in 
the subsection below. 
3.4 Optimisation of Flotation Conditions and Circuits   
 
For metallurgical characterisation of the ore, several series of flotation experiments using different 
conditions were performed which are discussed in this section. The procedure for bulk roughing and 
cleaning flotation circuit optimisation including, pH optimisation and reagents dosage optimisation 
will be discussed.  Furthermore, the procedure for sequential flotation experiments, experimental 
design tests, and robustness testing are discussed.  Also, the utilised flotation apparatus and 
chemical reagents will be described in this section.  
3.4.1 Flotation Operating Conditions 
 
All of the rougher flotation tests were carried out in a bottom driven 5L JKMRC batch flotation cell. 
In this cell, air is injected through the stator on the top of the impellor. The air flowrate, air pressure 
and impeller speed were controlled constantly during the experiments. 
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Table 3.2: List of chemical reagents utilised and the operating conditions 
Reagent name                 Description Nominal composition       Prepared solution           
(wt%) 
RTD11A                Cu mineral collector Thionocarbamate  Added as supplied 
PAX 
 
Non-selective  
sulphide collector 
Xanthate 
 
1 
 
Lime 
Sulphuric acid                       
pH modifier 
pH modifier 
 Added as supplied 
10 
MIBC Frother  Added as supplied 
Operating Conditions 
Percent passing size (P80) microns: 85 
Air flowrate (L/min):  7 (rougher), 3 (cleaner) 
Cell volume (L): 5 (rougher), 1.5 (cleaner) 
Impeller speed (rpm): 1050 (rougher), 750 (cleaner) 
Percent solids: 35 (rougher), 14-15 (cleaner) 
Froth depth (cm): 2 (rougher), 3 (cleaner) 
pH: Natural (rougher), 11-12 (cleaner) 
Froth collection protocol: scrape to a depth of 20mm every 6 seconds 
Water: Brisbane tap water 
 
3.4.2 Bulk Roughing Flotation Tests 
 
In this thesis, bulk flotation of copper-gold ores containing high pyrite was proposed as a potential 
technique for alternative flowsheet development to the current sequential circuit. The main aim of 
bulk roughing was to improve sulphide (pyrite) recovery and their associated Au and reduce 
consumption of reagents, including lime. In addition, it is a simplified flowsheet that may reduce 
high flotation equipment cost (especially in roughing circuit) and other operational costs which are 
incurred by current copper-gold processing method (sequential).   
 
The details of the primary flotation conducted will be given in this section but results and 
discussions will be presented in Chapter 5. In these series of experiments, several operating 
conditions and variables were altered to investigate the metallurgical response of the ore i.e. the 
position of the grade-recovery curve.  
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The metallurgical results, overall recovery (Rovr) and water recovery (Rw) were estimated from 
Equations 3.1 and 3.2. The Rovr is defined as the recovery of desired mineral in the concentrate from 
the feed:  
 
 = 	
 100          (3.1)   
 
 =  100          (3.2)   
 
where c, t and f are assays of desired mineral concentrate, tailings and feed (wt.%) respectively.  C, 
T and F are the solids mass in the concentrate, tailing and feed (g) respectively. Wc and Wf are the 
water mass (g) in the concentrate (mass that discharged over the cell lip) and feed respectively.  
 
In this thesis, all of the bulk flotation experiments with a full circuit were performed in two stages 
as shown in Figure 3.3. The first stage is the bulk roughing and the second stage is the cleaning 
which contained two phases: dilution cleaning (to reject entrained non-sulphide gangue) and 
elevated pH cleaning (to depress pyrite). The bulk roughing stage required emphasis on maximising 
the recovery of the sulphides and the cleaning stage required emphasis on grades of valuable metals, 
i.e. pyrite and chalcopyrite separation.  In the bulk roughing flotation, pH was kept constant at the 
natural value (7.9) and collector optimisation tests were the main task to obtain an optimal level of 
collector dosage for the project. The flotation time was ten (10) minutes, where five different 
concentrates were collected in different time intervals. The concentrate collection times are: 0.5, 
0.5, 2, 3 and 4 minutes for concentrates 1-5 respectively.  
 
The total flotation time was used to estimate the necessary kinetic data (i.e. maximum recovery and 
rate constant (-k). The kinetic information was estimated from the following Equation. 
 
R= 1-exp(-kt)       (3.3) 
 
“where, R is the cumulative recovery after time t, k is the first order rate constant (time-1) and t is 
the is cumulative flotation time. In practice some floatable material is usually irrecoverable, as it 
may be encased in gangue. Therefore, researchers have further modified the rate equation of the 
form shown below (Wills, 1988): 
 
R = RI[1-exp(-kt)]      (3.4) 
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Where, RI is the maximum theoretical flotation recovery. The flotation rate constant is dependent 
on the particle size and the degree of liberation of the valuable mineral (Wills, 1988). 
 
 
 
 
      Figure 3.3: Bulk roughing and selective cleaning experimental flowsheet 
 
3.4.3 Water Recovery 
 
For most bulk roughing and cleaning flotation experiments, water weights (water over the lip of 
cell) were determined to estimate for gangue particles recovered through the entrainment 
mechanism. This required subtraction of the water added to wash the cell lip and clean the scraper 
from the water in the concentrate tray. The water recovery for each concentrate is the ratio of the 
amount of water in the concentrate to the amount of water in the feed.  
3.4.4 Collector Dosage Optimisation Tests 
 
For the start, eight (8) bulk roughing flotation experiments were conducted at different collector 
levels. The purpose of these tests were to: 1) to find the optimum collector dosage for this project 
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i.e. additions giving best results, 2) to achieve a lowest addition rate to assist (easier to depress 
pyrite) in cleaning steps (and more economic). The series of first tests conducted were tests 1-4, and 
the second series were tests 4-8 (Table 3.3). 
The dosage rates for both PAX and RTD11A were selected at their highest level in plant practice at 
Telfer and were reduced by half for each test conducted in the first series (tests 1-4). Test 1 was 
conducted at 80 g/t PAX and 20 g/t RTD11A. Test 2 was conducted at 40 g/t PAX and 10 g/t 
RTD11A. The reagent addition rate for the final test in the first series was 2.5 g/t RTD11A and 10 
g/t PAX. 
 
In the second series (tests 4-8), the reagents addition rates were further reduced based on the 
metallurgical results from the tests 1-4. The last test (test 8) was conducted at its lowest collector 
setting (i.e. 2.5 g/t PAX and no RT11A). The order in which the tests were conducted with their 
collector dosage is shown in Table 3.3. 
 
     Table 3.3: Collector optimisation testing conditions 
Tests RT11A Dosage 
(g/t) 
PAX dosage 
(g/t) 
1 20 80 
2 10 40 
3 5 20 
4 2.5 10 
5 2.5 10 
6 1.25 5 
7 0 5 
8 0 2.5 
   
        Note: Tests 5-8 were conducted after the results from tests 1-4 were received 
 
 
These tests were conducted to find the effects of collector dosage on the metallurgical performance 
and to select an optimum level of collector for this project. The results of these tests are discussed in 
Chapter 5. Other testing conditions were kept constant as discussed earlier. 
The collector dosage for the bulk roughing flotation experiments selected for the initial cleaning 
tests or later rounds of rougher testing after the optimisation were: 10 g/t PAX and 2.5 g/t RTD11A. 
These two values were assumed relevant for experimental design tests. Using these collector levels 
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as the higher setting and lower level of 0 g/t RTD11A and 5 g/t PAX, a factorial experimental 
design was conducted (detail in section 3.4.6). The results from the experimental design tests also 
indicate a further collector optimisation test i.e. below the lower collector level for the PAX due to 
high recovery of copper and sulphur even at the assigned values.  The procedure for further 
collector level optimisation is outlined below. 
3.4.4.1  Further Collector Dosage Optimisation Tests 
 
These tests were conducted on a single series and it was based on the results from tests 5-8 
mentioned in section 3.4.4. The tests were done in more than one day.  
 
Since the selected level (2.5 g/t RT11A and 10 g/t PAX) did not affect the metallurgical 
performance and still produced the expected optimum results, further collector dosage optimisation 
was done.  Six tests were done at fixed RTD11A dosage (1.25 g/t) with different PAX levels 
starting at 5 g/t and a test was conducted without PAX dosage. These tests were conducted to 
establish a minimum PAX collector level (a level that will avoid the influence of excessive PAX 
collector dosage for efficient depression of pyrite from chalcopyrite at high pH cleaning).  The 
results of these tests are presented in Chapter 5.  
3.4.5 pH Optimisation Tests 
 
Four different rougher tests were conducted at pH 5, 6, 7 and 7.9 (natural) to see the effects of pH 
on metallurgy of the ore sample (i.e. grade and recovery) at collector addition rate of 2.5 g/t 
RTD11A and 10 g/t PAX. A 10% sulphuric acid solution was used as a pH modifier. Other 
operating variables such as collector dosage, air flowrate, percent solids, impellor speed and pulp 
level were kept constant during the experiments. The metallurgical results obtained from these tests 
were used to establish an optimum pH for the bulk roughing experiments for this project. 
 
The pH meter was calibrated with buffer solutions before the start of experiments. A GEM flotation 
pH meter (TPL 90 – FLVW) was used to conduct the pH optimisation tests. A time of 3 minutes 
was taken for each test to condition the pulp before collection of concentrates. 
Since there were no major effects observed with respect to pH, natural pH was selected for the 
thesis experimental test work on the available ore sample. This information is also relevant if same 
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type of ores had lower natural pH and were tested with the same type of collectors. Metallurgical 
results for these tests are discussed in Chapter 5.  
3.4.6 Experimental Design (Factorial Design) 
 
A two level factorial design (2n) was chosen for these experiments after the pH and collector series 
tests. The variables accepted to test for these experiments after screening off other variables were 
RTD11A (a) collector, PAX (b) and pH (c). The preliminary flotation tests were designed to assist 
in the selection of high and low values for the variables included in the factorial design. These 
variables were tested at low and high levels with centre point tests.  The sample space can be 
viewed as 3-dimentional cube as shown below. Each dimension represents one factor.  
 
 
 
 
 
 
 
 
 
Figure 3.4: Treatment combinations for the factorial design (Professor Napier-Munn was 
consulted for this design) 
 
The experiments were conducted at the points of the cube. (1) indicates the run at which all factors 
are at their low level. The experiments were conducted in a random order as shown in Table 3.4. 
 
 
b 
PAX 
pH 
 
a 
ab 
bc abc 
(1) 
RTD11A 
c ac 
•
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Table 3.4: 23 factorial design conditions 
Test RTD11A g/t PAX  g/t pH 
1 1.25 7.50 6.50 
2 2.50 5.00 8.00 
3 1.25 7.50 6.50 
4 0.00 5.00 8.00 
5 0.00 10.00 5.00 
6 2.50 10.00 8.00 
7 0.00 10.00 8.00 
8 2.50 5.00 5.00 
9 2.50 10.00 5.00 
10 1.25 7.50 6.50 
11 1.25 7.50 6.50 
12 0.00 5.00 5.00 
 
 
The four centre point tests (3, 6, 10 and 11) are also shown in Table 3.4. The results of the twelve 
(12) tests conducted are discussed in Chapter 5.  
3.4.7 Bulk Cleaning Flotation Tests  
 
Several cleaner flotation tests were conducted to optimize conditions. The pulp was diluted to 
normally 15 percent solids for a single stage of dilution cleaning at natural pH. The dilution cleaner 
concentrate was subsequently cleaning in two stages at elevated pH.   
 
For the first cleaning flotation test conducted, the pH was increased to 10.0 in the first cleaning 
stage and 10.5 in the second cleaning stage. For the second test, the pH in the first cleaner was 10.5 
and in the second cleaner was 11.0. For the third test, the first cleaner pH was set at 11.0 and second 
cleaner pH at 11.5. For the fourth test, the pH in the first cleaner was 11.5 and in the second cleaner 
was at 12.0.  
 
The metallurgical results of the above four tests show pyrite and a portion of the chalcopyrite were 
completely depressed at pH 12, which resulted in copper losses to the pyrite stream (cleaner tail). It 
was also noted that inadequate pyrite depression existed below 11.5. Based on these results, several 
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more tests were conducted at pH between 11.6 and 11.9 to find an optimum pH condition. The 
results of these tests are discussed in Chapter 5.  
3.4.8 Sequential Flotation Tests (Perth and Brisbane) 
 
Three (3) sequential roughing (Cu- selective) flotation tests were conducted by the author at the 
Ammtec Laboratory in Perth, Western Australia on the same ore sample.  The sequential testings 
were conducted in Perth, since the company (Telfer Mine) does their evaluation of the sequential 
circuit as their standard test at the Ammtec Laboratory (Perth). The standard procedure usually 
applied by the company for sequential testing of Telfer ores was used for these tests. The purpose of 
these tests was to see the metallurgical performance of the ore in comparison with bulk flotation. 
The flowsheet for these tests is shown below.  
 
 
 
 
 
 
Figure 3.5: Sequential flotation tests flowsheet  
 
 
4x1kg of ore sample was ground to a P80 of 106 microns in a stainless steel laboratory rod mill.  The 
four ground products were transferred into a 9 L Denver flotation cell. 300 g/t of lime was added to 
the mill for each grind before flotation. This was done to stabilise the pH of the pulp and raised the 
pH close to the operating target.  
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For these tests, stage additions of collector (RTD11A and PAX) were performed in all circuits (Cu-
roughing, Cu-cleaning, pyrite roughing and pyrite cleaning circuits). In addition to lime, other 
reagents added were NaCN (for assisting pyrite depression) and Na2S (for assisting pyrite 
activation) in the copper and pyrite circuit respectively. 
 
At the copper treatment circuit, lime and NaCN were used to depress the pyrite in the copper 
rougher as well as the copper cleaning circuits (cleaner circuit by lime only). The pH at the Cu-
rougher was 10 and in the copper cleaners was 10.5 (for both Cu-cleaner 1 and 2). Flotation air was 
introduced into the pulp and copper rougher concentrates were collected for a total time of eight (8) 
minutes (i.e. 4 minutes Cu rougher 1 and 4 minutes Cu rougher 2). The copper rougher concentrates 
were combined and transferred to a 1.5 L Denver flotation cell for cleaning. In the first copper 
cleaning, the pH was increased to 10.5 to further depress activated pyrite.  The first cleaner 
concentrate was re-cleaned in a 0.9 L flotation cell at a pH of 10.5. The first and the second cleaner 
tails were combined and floated. The total flotation time at the cleaning stages was 16 minutes (i.e. 
8 mins – 1st cleaner, 4 mins – 2nd cleaner and 4 mins – scavenger). The copper cleaner and copper 
scavenger concentrates were combined, filtered, dried and submitted for assay.  
 
At the pyrite treatment circuit, the final copper tail (combined Cu cleaner tail + Cu rougher tail) was 
reactivated by PAX for pyrite flotation. 25 g/t of PAX was dosed into pyrite rougher stream and 
conditioned for one (1) minute. Prior to PAX addition, 20 g/t Na2S was added to the pulp to assist 
activation of the depressed pyrite to recover gold bearing oxide copper minerals. The pyrite rougher 
was diluted by tap water to a pH value of 8-8.5 and no pH modifier was added. Flotation air was 
introduced into the pulp and pyrite rougher concentrates were collected for a total time of ten (10) 
minutes (i.e. 5 minutes pyrite rougher 1 and 5 minutes pyrite rougher 2). The pyrite rougher 
concentrates were combined and transferred to a 1.5 L Denver flotation cell for cleaning. In the first 
pyrite cleaning stage, 2 g/t PAX was added and concentrate was collected for eight (8) minutes. In 
the second cleaning stage, the pyrite cleaner concentrate was re-cleaned in a 0.9L flotation cell for 4 
minutes. The pyrite cleaner and re-cleaner tails were combined and floated for 4 minutes. In the 
pyrite cleaner scavenger, 2 g/t PAX was dosed into the pulp before flotation. The concentrates from 
pyrite re-cleaner and pyrite scavenger cleaner were combined. The flotation products were sent for 
assay analysis. The results are discussed in Chapter 5 of this thesis.  The type of reagents used and 
the amount (g/t) added to each streams are given in the Table 3.5. 
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    Table 3.5: Reagents scheme for the sequential testing  
Stream Reagents Amount used (g/t) 
Cu Rougher1 
 
 
RTD11A 10 
NaCN 25 
Lime 470 
Cu Rougher 2 RTD11A 
Lime 
5 
68 
Cu Cleaner 1 
 
Lime 1200 
RTD11A 5 
Cu Cleaner 2 Lime 700 
Pyrite Rougher 1 
 
PAX 25 
Na2S (hydrate) 20 
Pyrite Rougher 2 PAX 15 
Pyrite Cleaner 1 PAX 2 
Pyrite Cleaner 2 - - 
Pyrite Cleaner Scavenger PAX 2 
 
 
However, at the JKMRC laboratory similar sequential flotation tests were conducted to compare the 
results with the Ammtec sequential flotation tests. The testing conditions were similar (with same 
reagent scheme ) to Ammtec sequential tests except that flotation equipment (cells) and grinding 
procedure to achieve the target P80 were not the same.   
 
At JKMRC, 1x2kg of the same ore was ground to produce a P80 of 106 microns (grinding times at 
28 minutes) while at the Ammtec Laboratory, 4x1kg was ground to the same sizing. The reagent 
scheme applied at the JKMRC was the same as at the Ammtec Laboratory. 
 
The rougher flotation cell used at Ammtec was a 9 L top driven Denver laboratory flotation cell 
while the one used at the JKMRC was a 5 L JKMRC bottom driven laboratory flotation cell. Due to 
the limitation of cell size, rougher feed sample mass was divided into two and two rougher flotation 
tests were conducted at JKMRC separately. The rougher concentrate from both tests were collected, 
combined and transferred into a 1.5 L JKMRC cleaner flotation cell. Cleaning flotation was 
conducted at the same testing conditions as the Ammtec tests, except that a second cleaning stage 
was also conducted in the pyrite stream at the JKMRC. This was done to provide data points for the 
pyrite product on the grade-recovery curve. 
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3.4.9 Robustness Testing  
 
The purpose of the robustness testing was to evaluate the metallurgical performance of the ore when 
copper activated pyrite is present. It is known that at reducing condition in the mill, Cu+ ions can 
activate pyrite, which can be floated together with copper minerals in the copper flotation circuit 
(details in section 3.3.3).  When copper activated pyrite is present, it may be difficult to depress the 
pyrite in the cleaning stage by the use of lime only (cyanide likely to be required). To see the 
behaviour of copper activated pyrite in the cleaning stage, several robustness tests were conducted 
by deliberately activating the pyrite with copper sulphates at more reducing conditions than normal.  
 
The reducing environment was created in the grinding mill by purging both the water added to the 
mill and the interior of the mill by nitrogen gas. Eight (8) gram of iron powder was also added in 
the mill, which brought the Eh as low as +44 mV to 19 mV SHE. This has lowered the Eh in the 
mill by 220 mV to 306 mV SHE from the normal Eh value to a more reducing condition. 
 
After establishing the relatively reducing condition in the mill, several flotation tests were 
conducted. The results of these flotation tests are presented in Chapter 6 of this thesis. 
3.5 Summary  
 
From the experimental procedure and the search for optimal conditions, the following were 
observed for the project: 
 
• The ore sample used was a copper-gold-pyrite ore from Telfer underground which has a 
specific gravity of 2.72 and the head grades of common elements are: Cu 0.33%, Au 1 g/t, S  
2.5%, Fe 3.3%. 
 
• Grind time was 33 minutes for 2Kg ore sample in initial bulk roughing and cleaning tests 
(P80 = 85 µm) and 28 minutes (P80 = 106 µm) in sequential and bulk circuit comparisons 
 
• Different equipment were used at JKMRC and Ammtec (Perth) laboratories for the 
sequential circuit tests (JKMRC bottom driven - 5L cell and 1.5 L cell, Ammtec top driven 
Denver - 9L, 1.5L and 0.9L cell) 
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• The reagent scheme selected for the bulk flotation tests were: PAX (non-selective collector), 
RTD11A (Cu-collector), lime (pyrite depressant or NaCN as alternate), and DFS004 
(frother). The sequential circuit tests reagents scheme were: PAX, RTD11A, NaCN, lime, 
Na2S and DFS004 
 
• No stage addition of collector was performed in each flotation test conducted for the 
roughing and cleaning stages of the bulk circuit. Stage addition of reagents in roughing and 
cleaning existed as listed in the standard procedure for the sequential circuit 
 
• 3 stage cleaning flotation (i.e. dilution cleaner, 1st cleaner and 2nd cleaner) flowsheet was 
developed and evaluated  
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CHAPTER 4 - MINERALOGICAL AND CHEMICAL 
CHARACTERISATION OF THE ORE SAMPLE 
 
 
The main aim of this chapter is to present the results of the chemical and mineralogical feed and 
product characterisation (grain size, mineral association and mineral assays) of the ore sample on 
unsized, size-by-size and size by liberation bases. The ore sample was received from the Telfer 
underground mine in Western Australia. 
4.1 Introduction 
 
This chapter analyses the laboratory mill feed and ground flotation feed sample (mill product). In 
this study the mineral association and locking characteristics of sulphide minerals (especially pyrite 
and chalcopyrite) and non-sulphide gangue (NSG) on unsized and size-by-size and size by 
liberation bases using MLA is discussed. In addition, X-ray diffraction (XRD) analysis of the same 
ore sample was conducted to determine the gangue mineralogy and its likely effect on flotation. The 
distribution of gold bearing minerals in the ore sample is also discussed. Furthermore, mineral 
assays for pyrite and chalcopyrite were calculated based on chemical element assays.  
4.2 Mineralogical and Chemical Characterisation of the Laboratory Mill Feed 
 
Three duplicate samples were provided in unsized (bulk) and size-by-size forms for mineralogical 
assessment (using XRD and MLA) and chemical assay. The ore sample was analysed using a suite 
of analytical techniques for both mineralogy and chemical assay. Prior to that the sample was stage 
crushed to 100% minus 3.35 mm. Sub-samples from the mill feed were taken and sieved to eight 
size intervals (-3350+425, -425+300, -300+212, -212+150, -150+106, -106+75, -75+38, -38 µm). 
The -3350+425 microns size interval was also sieved to two separate size fractions (-3350 µm 
+2000 µm and -2000 µm+425 µm) to determine the original ore texture (grain size and mineral 
association). The results of the ore texture analysis are presented in section 4.2.2.2.2.  Figure 4.1 
shows the schematic for the mineralogical and chemical characterisation study for the mill feed. 
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           Figure 4.1: Schematic of mineral characterisation and chemical assay analysis 
4.2.1 Elemental Assays 
 
Seventeen elements were requested for assay analysis by ICP (Inductively coupled plasma) method 
and fire assay.  All size intervals and a bulk (unsized) sample were submitted for assay. The 
detailed results of the chemical analysis on unsized and size-by-size bases of the mill feed are 
presented in Appendix A. 
 
The fire assay results showed that the presence of gold in the ore on unsized and size-by-size bases 
was indicated. The assay results also showed the existence of arsenic, sulphur, and other base 
metals in the ore indicating the existence of sulphides such as pyrite, chalcopyrite and others.  
  
Elements from the unsized (bulk) and size-by-size analysis include: Cu, Au, Ag, S, Fe, As, Ca, Co, 
Pb, Zn, Mn, Ni, Mg, K and others. The head grades of different elements present in the bulk ore 
sample are shown in Table 4.1. The average head grade was: 1 g/t Au, 0.3% Cu, 2.5% S and 3.3% 
Fe. The acid soluble Cu (oxide copper) present in the ore was 0.01%. Other elements such as As, 
Mn, Ca, and Co are also present (appendix A). 
 
Sample homogenisation 
Bulk ore sample 
Elemental Assay Element to mineral 
conversion 
Mineralogical characterisation 
Theoretical grade/ 
recovery curve 
MLA 
XRD 
Ore Texture Mineralogical 
compositions 
Mineral liberation 
and locking 
Gold deportment 
Gangue mineralogy 
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The distribution of elements by size fractions was also analysed based on the sizing data and its 
chemical assay. Table 4.1 presents the metal distribution in different size fractions for the ore 
sample. 
 
It was observed that approximately half of the major elements is distributed in the coarser size range 
above +425µm. This resulted from under-representation in the mass in coarse size fraction (74 %). 
As a result 51% of Au, 48 % S and 39% Cu appears in the +425 microns size. The distributions of 
other elements such as iron and aresenic in the coarser size range (-3550+425 µm) are approximately 
half (appendix A).  
 
The proportions of Cu, S and Fe in the finer size fractions below 75 microns are 26%, 16% and 
17% respectively.   
 
 
Table 4.1: Chemical assays of common elements (bulk and size-by-size) and their elemental 
distributions for the ore sample (Wt. %) 
 
Sample Mass  Mass Metal Assays % Distribution 
Description (µm) (g) % Au g/t Cu % S % Fe % Au Cu S Fe 
Bulk*     1.00 0.30 2.5 3.3 100 100 100 100 
-3350+2000  260.9 24.3 − 0.05 1.0 1.8 − 3.9 10.4 14.5 
-2000+1400  178.7 16.6 − 0.12 1.0 1.8 − 6.4 7.5 9.8 
-1400+1000  133.9 12.5 − 0.12 1.6 2.3 − 5.0 8.7 9.3 
-1000+850    60.0 5.6 − 0.23 1.8 2.5 − 4.1 4.3 4.6 
-850+600      93.1 8.7 − 0.40 2.7 3.4 − 11.3 10.3 9.4 
-600+425      68.0 6.3 0.64 0.49 3.5 4.2 50.7 10.0 9.6 8.5 
-425+300      50.9 4.7 1.64 0.55 4.4 5.0 8.3 8.4 9.0 7.6 
-300+212      29.1 2.7 1.99 0.71 5.4 5.9 5.8 6.3 6.4 5.2 
-212+150      25.4 2.4 2.35 0.86 6.2 6.7 5.9 6.6 6.4 5.1 
-150+106      24.0 2.2 2.10 0.93 6.6 7.1 5.0 6.7 6.4 5.1 
-106+75         20.4 1.9 2.18 0.97 6.3 6.8 4.4 6.0 5.2 4.2 
-75+38          36.1 3.4 2.40 0.83 4.9 5.5 8.6 9.1 7.1 6.0 
-38               93.7 8.7 1.19 0.57 2.2 3.8 11.1 16.2 8.5 10.7 
Calculated Head     0.93 0.31 2.3 3.1 
    
Total 1074.3 100     100 100 100 100 
 
*Bulk sample means un-sized fraction 
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4.2.2 Mineralogical Characterisation 
 
Characterisation of feed material with respect to expected concentrate grade and recovery is 
fundamental to design of improved separation efficiencies and to achieve sustainable development 
in the utilisation of our mineral resources (Miller et al., 2009). An important reference point for this 
characterisation is the liberation-limited grade/recovery curve which represents the perfect 
separation, i.e. the best separation which can be achieved by given feed material limited only by the 
extent of actual liberation (Johnson, 2012).  
 
In addition, the identification and characterisation of minerals texture (grain size and association), 
mineral compositions, locking and liberation characteristics, deportment of valuable metal is of 
fundamental importance in the development and operation of mining and mineral processing 
systems. The characterisation is very important in choosing a suitable flowsheet for recovering the 
constituent metals (Olubabi et al., 2007). It is also critical in optimizing an actual plant for 
improved performance.  
4.2.2.1  XRD Analysis  
 
Quantitative XRD studies were undertaken for the same ore sample in order to identify the full suite 
of minerals in the ore sample in both bulk and size-by-size fractions. This was to quantify the 
gangue minerals and their likely response in ore treatment circuits.  The results of the quantitative 
XRD work are summarised in Table 4.2. High Score Plus software was used for quantification of 
the constituent minerals. 
 
   Table 4.2: Mineral composition in bulk ore and size-by-size (Wt. %) 
Description  Quartz Albite Alkali 
feldspar 
Biotite Muscovi-
te/Illite 
Dolom- 
ite 
Calcite Pyrite Chalco-
pyrite 
Bulk* 38.9 39.7 0.6 0.1 7.0 10.6 1.0 2.0 0.1 
-3550+425 µm 38.8 43.1 0.6 0.2 4.7 10.3 0.1 2.3 0.0 
-425+300 µm 38.3 38.2 1.2 0.2 3.6 10.7 0.3 6.9 0.4 
-300+212 µm 36.9 34.9 0.3 0.3 5.2 10.6 1.3 9.5 1.0 
-212+150 µm 39.6 32.1 0.4 0.5 4.2 11.2 0.5 10.5 1.0 
-150+106 µm 39.8 31.4 0.6 0.3 3.9 11.1 1.0 10.7 1.2 
-106+75 µm 42.3 32.6 0.6 0.2 2.8 10.5 1.0 9.0 1.0 
-75+38 µm 40.0 34.9 0.0 0.1 4.5 12.0 0.6 7.0 0.9 
-38 µm 34.6 38.6 1.0 0.1 7.4 15.0 0.4 2.5 0.3 
 
    * Weighted summation of size fraction mineral assays 
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
55 
 
From the XRD results (Table 4.2), predominant non-sulphide gangue mineral compositions present 
in the bulk ore sample are quartz, albite and dolomite. Minerals such as dolomite and calcite when 
present in the ore can increase the rate of acid consumption (Vianna, 2011). Clay minerals such as 
muscovite and illite can also increase viscosity and may reduce recovery of valuable metals 
(Vianna, 2011). Also the high % weight minerals (quartz and albite) have no negative properties in 
flotation. 
 
The predominant sulphide minerals present in the ore are pyrite (2%) and chalcopyrite (0.1%). 
Other sulphides were also present in the ore in small quantities; these were impossible to detect by 
the method utilised.  
 
For the same ore sample, the MLA technique was also used to identify the mineral composition and 
it is presented in the following section. 
4.2.2.2  MLA Analysis 
 
The MLA analysis was performed on both bulk sample and size-by-size fractions. Nine samples 
were sent for MLA analysis.  The distribution of major minerals (e.g. pyrite, chalcopyrite, quartz, 
etc) and the grade of each particle were determined using the MLA/Data View software. The 
minerals were classified according to their apparent composition (2D) in particles measured by 
volume % and converted to mass %.   
4.2.2.2.1  Data Reconciliation (accuracy of MLA measurement) 
 
Chemical assay data are essential during the analysis of mineralogical data by MLA.  The role of 
assays in this context is to provide an external source of data for quality control purposes.  Chemical 
assays are compared to those calculated from mineralogical analysis, with significant deviations 
highlighting potential issues with the quality of the sample and/or measurement.  
 
The chemical assay is plotted against calculated assay from MLA data in Figure 4.2. 
 
The data show:  
 
• A good agreement for copper assays  
• A good agreement for Ca, K and a moderate agreement for Fe 
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• A moderate agreement for sulphur assays - within the acceptable range  
 
 
                 Figure 4.2: Comparison of MLA and chemical assay (elements) 
 
Comparing the XRD and MLA mineral assays, the XRD technique does not reach a good 
agreement with MLA (Table 4.3) because the XRD method is not suited to low assay minerals. The 
XRD method can give a good estimation of gangue minerals assay, which are found to be present in 
large quantities in nature.  
 
It can also be noted that for the non-sulphide gangue, quartz and albite assays from the two different 
methods do not reach a good agreement (Tables 4.2 & 4.3). The most likely reason for the 
quartz/albite ratios being different would relate to how well the two silicates were segmented from 
the BSE image (BSE intensity is used to segment the greyscale values into areas which are then 
checked by X-rays signals).  If the BSE values are close then segmentation can be poor so it is 
possible to end up with large blocks of potentially mixed quartz/albite in MLA.  
 
However, for this work the nature of the gangue minerals was not very critical, otherwise the XRD 
data would have been used to refine either the MLA measurement data or the MLA mineral 
reference library to reconcile the data more closely.   
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4.2.2.2.2 Mineral Composition 
 
The mineral compositions (unsized and size fractions) for the mill feed sample are shown in Table 
4.3 and Figure 4.3 respectively. The mineral assays were obtained by grouping minerals in the 
modal analysis data produced by the Mineral Liberation Analyser.   
 
The total sulphide mineral content of the bulk (unsized) ore sample was 4.8% by weight. This was 
evidenced largely by the contents of both copper sulphides and pyrite.  The ratio of pyrite to 
chalcopyrite for the bulk ore sample was close to 5:1. The total content of non-sulphide gangue was 
at 95.2% by weight. 
 
The principal copper bearing mineral was chalcopyrite (0.83%) with large quantities of pyrite (4%). 
Small quantities of other sulphides (cobaltite, sphalerite and galena) were also observed. The 
gangue matrix is mainly quartz (16.9 wt%), albite (54.9 wt%), amphibole (8.7 wt%), muscovite 
(1.2 wt %) and orthoclase (4.3 wt %).  
 
        Table 4.3: Mill feed (unsized) ore sample mineral composition (% by weight) 
Sulphide Minerals % Composition 
Non Sulphide 
Minerals % Composition 
Chalcopyrite   0.8 Quartz 16.9 
Pyrite   4.0 Albite 54.9 
Native Cu   0.0 Orthoclase 4.5 
Bornite   0.0 Amphibole 8.7 
Chalcocite   0.0 Muscovite 1.2 
Covellite   0.0 Calcite 1.8 
Galena   <0.01 Other Gangue 7.2 
Cobaltite   0.0 
Gersdorffite   0.0 
Sphalerite   <0.01 
    
Total   4.8 95.2 
 
 
The size-by-size analysis (Figure 4.3) also indicates that distributions of sulphides and non-sulphide 
gangue minerals are under-represented (both sulphide and NSG) due to over-representation of mass 
in the coarse size fractions (-3550+425 µm).  
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Figure 4.3: Size-by-size ore sample mineral composition by wt% (The values for each size 
fraction sum to 100%) 
4.2.2.2.3 Ore Texture 
 
Mineral grain size data for the chalcopyrite, pyrite and non-sulphide gangue were obtained from 
measurement on the -2000+425 µm and -3350+2000 µm fractions of the feed to the laboratory mill 
by MLA analysis (Table 4.3). The purpose of this was to determine the original texture of the ore. 
Typically an ore is ground to a P80 sizing for the solid between the P80 and P50 values (µm) for the 
grain size distribution of the mineral of interest (Johnson, 2012). The P50 grain size for both pyrite 
and chalcopyrite are well above the P50 value for the ground solid of 106 microns (Figures 4.4 and 
4.5) and grinding the ore to P80 of 106 µm (the practice at Telfer mine) would be optimal, i.e. it 
should ensure high level of liberation of all minerals.  
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Table 4.4: Grain size analysis of major minerals in size fractions (values read from Figures 
4.4 and 4.5) 
 
P80 
Mineral -3350+2000 µm -2000+425 µm 
Pyrite 3800 900 
Chalcopyrite 195 480 
Non-sulphide gangue 3300 1450 
P50 
Mineral -3350+2000 µm -2000+425 µm 
Pyrite 3600 680 
Chalcopyrite 110 350 
Non-sulphide gangue 2700 820 
 
 
 
 
Figure 4.4: Chalcopyrite, pyrite and NSG grain size distributions (-3350+2000 µm) 
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Figure 4.5: Chalcopyrite, pyrite and NSG grain size distributions (-2000+425 µm) 
 
For the coarse size (-3350+2000 µm), the P50 value of the grain size for both pyrite and chalcopyrite 
appears between 100 and more than 3000 µm (Figure 4.4). The P50 values for the size fraction of -
2000+425 µm appear between 300-700 µm (Figure 4.5). This indicates an apparent change in 
mineral grain size due to solids size reduction. It is suspected that the original texture of the ore has 
been partially lost as a result of size reduction for the -2000+425 µm fraction. However, the grain 
size distribution for chalcopyrite appears to be finer than pyrite and non-sulphide gangue.  
 
The percentage mineral association is one of the important considerations in ore texture analysis. 
The recorded number of transition from one mineral to another or to the background is an indication 
of the extent of the two minerals occurring next to each other in the mount, leading to the 
percentage mineral association matrix (Jackson, 1987). The background or mounting material is 
included in the mineral association values. Tables 4.4 and 4.5 show the association of pyrite, 
chalcopyrite and NSG in the ore sample.   
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Table 4.5: Mineral association (-2000+425 µm) 
 
Mineral Chalcopyrite 
(%) 
Pyrite (%) NSG (%) Free Surface* 
(%) 
Total 
Chalcopyrite - 24.1 36.7 39.2 100 
Pyrite 6.8 - 21.7 71.5 100 
NSG 0.3 0.6 - 99.1 100 
 
* Percentage of the transitions from the phase of interest to the mounting material 
 
Table 4.6: Mineral association (-3350+2000 µm) 
 
Mineral Chalcopyrite 
(%) 
Pyrite (%) NSG (%) Free Surface* 
(%) 
Total 
Chalcopyrite - 3.5 81.5 15.0 100 
Pyrite 1.1 - 35.4 63.5 100 
NSG 0.6 0.8 - 98.6 100 
 
* Percentage of the transitions from the phase of interest to the mounting material 
 
 
The association of pyrite, chalcopyrite and NSG is given in both Tables 4.5 and 4.6 for different 
size intervals. The free surface refers to transitions from the mineral of interest to the mounting 
material. From Table 4.5, the chalcopyrite association with pyrite is 24.1% and non-sulphide 
gangue (NSG) is 36.7%; further, 39.2% of the chalcopyrite is exposed on the surface in the size 
range of -2000+425 microns.   
 
The following conclusion is drawn from the above tables: 
 
Chalcopyrite association with pyrite (or pyrite association with chalcopyrite) is higher in -2000+425 
µm than in -3350+2000 µm.  This indicates that the proportion of chalcopyrite with respect to pyrite 
increases (or proportion of pyrite with respect to chalcopyrite increases) for the finer of the two 
fractions. It can also be observed that the tendency for sulphides (pyrite and chalcopyrite) to 
separate from gangue is higher than from chalcopyrite to pyrite (or from pyrite to chalcopyrite). 
However, the association of chalcopyrite and pyrite with respect to gangue also reduced for the 
finer fraction with increased free surface.  
 
It can be noted that, for bulk roughing, a particle containing chalcopyrite and pyrite is effectively a 
liberated particle (both minerals being hydrophobic) and the relevance of the degree of association 
of chalcopyrite and pyrite can be seen for bulk roughing.  
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4.2.2.2.4  Mineral Liberation and Locking (Laboratory Mill Feed) 
 
The mineral distributions by class of association of the ore sample for unsized, as well as the size-
by-size compositions are shown in Figure 4.6 and Table 4.7 respectively.  
 
 
 
Figure 4.6: Mineral distribution by class of association by weight percent for the mill feed (-
150+106 microns) 
 
The size fraction of -150+106µm was selected for this study because the P80 for comparison of the 
bulk and sequential circuits was selected at 106 microns. This selection was made based on industry 
practice (Telfer Mine).   
 
The chalcopyrite liberation of the -150+106µm size fraction of the ore sample (laboratory mill feed) 
was 90.4 % by mass as indicated in Figure 4.6.  The  majority  of  the  unliberated  chalcopyrite  
was interlocked  with  gangue  in  binary  form (9.4%). About 2.2% of the 9.4% of chalcopyrite 
present as binary form was found to be locked in pyrite. About 0.22% of the chalcopyrite was 
locked with both pyrite and non-sulphide gangue in multiphase particles. Pyrite liberation of the -
150+106µm size fraction was 92.5%. About 7.4% of pyrite was present in binary form and less than 
1 % was present in multiphase form. 1.6% of pyrite was present with binary form and locked with 
chalcopyrite.  Non-sulphide gangue (NSG) liberation of the -150+106µm size fraction was 99.5%. 
About 0.5% of NSG was present in the binary form and 0.01% in multiphase form.  Figure 4.7 
shows the MLA pictorial view of the locking characteristics of pyrite, chalcopyrite and NSG. 
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The average liberation level of sulphide minerals (both pyrite and chalcopyrite) was greater than 
90% by weight, which is sufficient to predict a recovery of the sulphide minerals at greater than 
90%. This assumes that the liberation levels observed for size fractions from the laboratory mill 
feed are retained for the same size fractions of ground laboratory mill feed, i.e. mill product. Table 
4.7 shows liberation levels of pyrite, chalcopyrite and non-sulphide gangue for all the size fractions 
for the ore sample (laboratory mill feed). 
 
 
Table 4.7: Mineral liberation in each size fraction (95-100%, 100% by volume class) for 
laboratory mill feed 
Size (microns) Pyrite (% 
liberated) 
Chalcopyrite 
(% liberated) 
Non-sulphide gangue 
(NSG - % liberated) 
−3350+2000 93.2 0.8 97.9 
−2000+425 83.3 70.4 98.8 
−425+300 87.1 78.4 99.0 
−300+212 93.0 87.8 99.4 
−212+150 93.1 90.3 99.3 
−150+106 94.5 91.1 99.4 
−106+75 96.3 92.6 99.6 
−75+38 95.4 93.4 99.6 
−38 96.7 85.4 99.7 
 
 
The liberation level in each size fraction shows that pyrite is liberated in the coarser size range 
while chalcopyrite liberation increases from coarse to fine size fractions. This is indicated in Table 
4.7 where the chalcopyrite liberation at the -3350+2000 µm size fraction is 0.8% compared to pyrite 
liberation of 93.2% for the same size fraction. For the next size fraction (-2000+425 µm), the 
chalcopyrite liberation is at 70.4% compared to pyrite liberation of 83.3%.  This indicates that 
pyrite has a coarser grain size than chalcopyrite. This was observed earlier in section 4.2.2.2.3. The 
non-sulphide gangue minerals liberation levels are greater than 90% in each size fraction.  
 
Table 4.8 shows the liberation levels for the size fractions in Table 4.7 using a more stringent 
indicator of liberation. 
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Table 4.8: Mineral Liberation in each size fraction (100% by volume classes) for 
laboratory mill feed 
 
Size (microns) Pyrite (% 
liberated) 
Chalcopyrite 
(% liberated) 
Non-sulphide gangue 
(NSG - % liberated) 
−3350+2000 0.7 0.03 18.1 
−2000+425 10.5 27.5 62.7 
−425+300 24.6 33.9 83.8 
−300+212 61.3 74.8 95.1 
−212+150 67.9 74.0 96.0 
−150+106 75.8 78.1 97.1 
−106+75 76.1 72.5 97.3 
−75+38 76.8 77.7 97.9 
−38 96.7 82.4 99.3 
 
 
 
 
 
Figure 4.7: Particle image showing liberated pyrite, chalcopyrite and NSG and their 
locking characteristics (-150+106 µm) 
4.2.2.2.5 Theoretical Grade-Recovery Curve 
 
Based on the chalcopyrite and pyrite liberation levels, a limiting grade-recovery curve was 
constructed. The mineralogically limiting grade recovery curve for pyrite and chalcopyrite below 
indicates that greater than 95% sulphide minerals (chalcopyrite and pyrite) recovery is possible in a 
concentrate of either chalcopyrite or pyrite. 
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Since the flotation feed P80 was designed at 106 microns for comparison of the bulk and sequential 
circuits, the construction of this curve was based on liberation data for the -150+106 micron size 
fraction of the laboratory mill feed. From the liberation data, it was found that pyrite and 
chalcopyrite were liberated well over 90% (Figure 4.8) for -150+106 micron size fraction.  
Regrinding of flotation concentrate may not be required as the target minerals sizes were well 
liberated at the target flotation P80 size. 
 
 
 
 
Figure 4.8: Chalcopyrite and pyrite theoretical grade-recovery curve (MLA) - selective 
flotation of pyrite and chalcopyrite (-150+106 µm) 
 
 
 
 
Figure 4.9: Combined theoretical grade and recovery curve for chalcopyrite and pyrite 
(MLA) with respect to their associated solids (-150+106µm) 
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In Figures 4.8 and 4.9, the theoretical grade recovery curves for chalcopyrite and pyrite were 
calculated based on MLA liberation data. The theoretical grade-recovery curve is calculated by 
considering only the particles which contain the mineral of interest (i.e. chalcopyrite and pyrite) 
then cumulating the grade and recovery starting with the liberated cases then adding in the 
composite particles starting with those of highest grade.  
 
The grade-recovery curve (Figure 4.8) assumed a perfect separation is possible using the 
imperfectly but quite well liberated feed and a desired grade and recovery would be achieved 
(Johnson, 2012).  The curve in Figure 4.8 describes a situation where pyrite and chalcopyrite is 
selectively floated from their associated solids while Figure 4.9 describes combined flotation (bulk 
roughing and dilution cleaning) grade and recovery of both pyrite and chalcopyrite with their 
associated solids. The grade of both pyrite and chalcopyrite drops (Figure 4.9) when they are 
produced in a single concentrate compared to Figure 4.8 where pyrite and chalcopyrite are 
selectively floated. The combined flotation (bulk) of pyrite and chalcopyrite is the aim of this study 
in roughing and dilution cleaning and it is necessary to focus on such a curve (Figure 4.9) to see the 
effects on grade and recovery of the two minerals in a single concentrate. 
4.2.2.2.6  Gold Deportment 
 
Observations of gold occurrences in different size fractions were done using the MLA gold search 
technique. A total of nine (9) gold particles were observed in pyrite and chalcopyrite in different 
size fractions.  There was no gold observed in the gangue particles.  The predominant gangue 
minerals were mostly comprised of quartz, albite, amphibole and orthoclase.   
 
Liberated gold was not found, all gold particles observed were hosted in pyrite and chalcopyrite 
only. An attachment of gold to pyrite and/or chalcopyrite is not a problem for recovery by flotation. 
Table 4.9 shows the number of gold particles observed in different size fractions and their host 
minerals. 
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Table 4.9: Observations of gold in different size fractions and their host     minerals 
 
Size (microns) 
No of 
Observations Host Minerals 
-3350+2000 
  
- 
  
- 
 
-2000+425 
  
1 
  
Pyrite 
 
-425+300 
  
2 
  
Pyrite/Chalcopyrite 
 
-300+212 
  
1 
 
Pyrite 
 
-212+150 
  
1 
  
Pyrite 
 
-150+106 
  
2 
  
Pyrite 
 
-106+75 
  
2 
  
Pyrite 
 
-75+38 
  
- 
  
- 
 
-38 
  
- 
  
- 
 Total 
  
9 
    
 
 
This search technique only accounts for visible gold and does not have a good correlation to gold 
distributions with respect to chemical assays. The observations should not be treated as gold 
quantification data but were to observe some examples for the presence of gold particles. Pictorial 
view of gold detected by MLA is shown in Figure 4.11. 
 
The gold distribution in different size fractions obtained by chemical assay is presented in Figure 
4.10. 
 
 
Figure 4.10: Distributions of gold in different size fractions based on chemical assay 
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It was observed (Figure 4.10) that 51% of Au is distributed in the coarser size range above +425µm. 
For gold, this showed under-representation in the mass (74%) in the coarse size (+425 microns) 
fractions. The proportion of Au in the finer size range (below -75µm) is approximately 19%. About 
30% of gold appeared to be distributed in the intermediate size range (+75 to -425 microns).  
 
 
 
 
Figure 4.11: Pictorial view of gold observed by MLA gold search technique 
 
4.2.3 Elemental Assay to Mineral Assay Conversion 
 
In most base metal ores, metals are normally present as minerals and not as the elemental form. 
Precious metals such as Au and Pt are the exception. They occur commonly in their elemental 
forms. Elements such as Cu, Pb, Zn, Fe, and S can be present in more than one mineral. Deleterious 
elements such as arsenic and fluorine can also be present in different mineral forms. Some of the 
common minerals present in the ore for this project are listed in Table 4.3.  
 
Elemental assay data can be converted to mineral data using known stoichiometry of minerals 
(Wightman and Evans, 2012; Johnson, 2012). From the elemental assays provided in Table 4.1, 
mineral assays for the ore sample can often be estimated. The sulphur assay can be corrected for the 
sulphur contained in the chalcopyrite, giving a residual sulphur assay, which can be converted to a 
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pyrite assay. The non-sulphide gangue can be calculated by subtracting the chalcopyrite and pyrite 
assay from 100%. The reliability of the mineral assays calculated for such a system can be high. It 
is important that the sulphur assays are accurate (Johnson, 2012). 
 
The main copper mineral present in the ore is chalcopyrite (CuFeS2), other copper minerals are also 
present but in negligible quantities and cannot be detected by the elemental assaying technique. The 
calculation method employed for elemental assay to mineral assay in this thesis shown in Appendix 
A4.  
 
It must be noted that if more than one mineral containing a key element (e.g. copper) is present in 
an ore, the conversions of element to mineral assays are not possible (Wightman and Evans, 2012). 
For example, if five copper minerals are present in an ore, it would be impossible to provide a good 
estimate of the different copper minerals by element to mineral conversion. The best option by 
assaying methods, to calculate all the copper minerals assays is to determine the acid soluble copper 
(e.g. oxide Cu minerals) and secondary copper minerals using analytical techniques such as, 
sulphuric acid digest (for easily leachable Cu minerals), cyanide digest (leachable copper sulphide 
minerals) and aqua regia digest (for primary copper minerals) (Seaman, 2011).   
 
The approach undertaken was to identify the amount of minerals present in the ore sample by the 
MLA technique. The MLA result indicates the presence of major and minor minerals in the ore 
sample, which was the basis to estimate the amount of minerals (Cu and Fe sulphides) using the 
element to mineral assay conversion method.  
4.3 Liberation Analysis and Chemical Characterisation of the Laboratory Mill Products 
with Inclusion of Laboratory Mill Feed 
 
Four samples were ground to different P80 values (650, 430, 190 and 85 µm). Each product at the 
four P80 values were sieved into size intervals.  In this section the results of the detailed 
mineralogical and chemical characterisation study of the mill products at different P80 values will be 
discussed.    
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4.3.2 Chemical Assays  
 
For chemical analysis, all size intervals of four samples ground to a wide range of P80 values were 
assayed using the ICP-AES technique for estimating the distribution of copper and sulphur on a 
size-by-size basis. Figure 4.12 shows the distribution of copper, sulphur, chalcopyrite and pyrite in 
different size intervals of all P80 values.  The results show that the proportions of copper, sulphur, 
chalcopyrite and pyrite in the fine fractions for all P80 values increased as expected as size 
decreased. It appears that more copper/chalcopyrite exists in the fine size interval (-C5) than 
sulphur/pyrite. 
 
 
 
Figure 4.12: Proportion of copper (a), sulphur (b), chalcopyrite (c) and pyrite (d) in different size 
intervals for all P80 values. The minerals assays were obtained by element to mineral assay 
conversion technique discussed earlier in this chapter. 
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It is well recognised that chemical analysis provides no information on the mineralogical 
characteristics of ores. Therefore, in order to determine the mineralogical characteristics of the mill 
products (two of the different P80 values), the MLA technique was used. 
4.3.3 Mineralogical Characterisation of the Mill Products Using MLA 
 
The results of the mineralogical characterization of the mill products using MLA at different P80 
values are presented in this section. Liberation of each size fraction at two P80 values (85 & 430 
µm) were measured.  The liberation levels of 190 and 650 µm P80 values were estimated based on 
their mineral distribution and the liberation levels measured for each size fraction for the case with a 
P80 of 430 µm. The liberation levels for the case with a P80 of 85 µm were also calculated based on 
its mineral distribution and the liberation levels measured for each size fraction for the case with a 
P80 of 430 µm. 
4.3.3.2  Mineral Liberation of Mill Product (with inclusion of Mill Feed)  
 
Particles which existed in the liberation class of [95, 100] (i.e. particles which contained greater or 
equal to 95% of target mineral and less than or equal to 100% as well as the 100% class) were 
considered as fully liberated particles. Figure 4.13 shows the liberation levels of chalcopyrite, pyrite 
and non-sulphide gangue by mass % for the various P80 values.  The results showed that the 
liberation value of all minerals increased as the particle size decreased. However, even for a 
primary grinding sizing (P80) of 650 microns, the liberation value for all minerals exceed 85%.   
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Figure 4.13: Liberation of different minerals at different P80 values (liberation class of 95-
100%, 100%). Liberation values for P80 of 430 and 85 microns are measured and liberation 
values for P80 of 650 and 190 microns are predicted. There is also a prediction of liberation 
values for P80 of 85 µm. 
 
The liberation evaluation tests for the mill product (Figure 4.13) demonstrated that the liberation 
level of chalcopyrite, pyrite and NSG were above 95% at the P80 range of 85-190 µm. At the 
coarser grind sizes range (P80 values of 190-650 µm), all minerals were still well liberated and 
flotation recovery of the valuable minerals at P80 values above 106 µm would not be affected if 
compatible flotation cells were employed. It can be noted that the liberation levels for all minerals 
at different P80 values are high (above 90%), which indicates an option for coarse grinding to 
minimize energy consumption in the grinding circuit.  
 
At P80 of 85 microns, the actual and predicted liberation level was compared (Figure 4.13). The 
predicted liberation at the P80 of 85 microns was calculated using the liberation levels in each size 
fraction for the P80 of 430 microns and the measured mineral distribution for P80 of 85 microns. 
However, the two comparisons show no big differences and agree strongly with each other. This 
suggests that the predicted liberation values at P80 values of 190 and 650 µm are also sound. 
 
The actual (measured) liberation for the mill product was compared with the liberation measured for 
the mill feed as shown in Figure 4.14. Chalcopyrite was poorly liberated in the coarse size fraction 
(-3550+2000 µm) in the mill feed (Figure 4.14 (a)). Both pyrite and non-sulphide gangue (NSG) 
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liberation for the mill feed were above 80% even at the coarse size fraction (-3550+2000 µm). This 
was due to the mineral grain size, which indicates that pyrite and NSG have a larger grain size than 
chalcopyrite (Section 4.2.2.2.2). 
 
In the next size fraction (Figure 4.15 (a)), the liberation level of chalcopyrite increased to above 
60% compared to the very low mill feed liberation for the fraction -3350+2000 µm.  Finer size 
fractions gave chalcopyrite liberation values of greater than 90% generally as shown in Figure 4.15 
(a). For pyrite and NSG, the liberation levels are generally above 90%. 
 
From Figure 4.14, it is likely that the liberation values for size fractions present in the mill feed 
would also allow prediction of overall mineral liberation levels in the mill product when this ore is 
ground to P80 values such as 190, 430 and 650 microns. This is because of the similarity of the 
liberation values from the size fractions for the mill feed and the mill product (Figure 4.14) for this 
ore. 
 
 
 
Figure 4.14: Liberation of the mill feed and mill product (a) chalcopyrite, (b) pyrite and (c) non-
sulphide gangue (Liberation class of 95-100%, 100%).  
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4.4 Summary 
 
From the mineralogical and chemical characterisation studies, it was found that:   
 
• Head grades (major elements) were Cu (0.33%), Au (1 g/t), S (2.5%) and Fe (3.3%). Very 
low head grades were measured, which resulted in selection of 5L flotation cell and 2 kg 
sample mass for the flotation experiments to have enough concentrate for cleaning flotation.  
 
• Major copper bearing mineral present in the ore sample was chalcopyrite as measured by 
MLA. Other copper minerals were not detected by this technique. Copper recovery in the 
rougher was expected above 90% due to the fact that the ore was not complex (i.e. without 
secondary copper minerals as well as other copper sulphides, which require an expensive 
treatment).  
 
• Major gold bearing minerals were pyrite and chalcopyrite (chalcopyrite carries less gold 
than pyrite). This finding is based on a limited number of observations but is similar to other 
observations on other samples of Telfer ore (Wightman, 2012). Flotation recovery of gold 
depends on the recovery of chalcopyrite and pyrite. For this case, it is estimated to be above 
90%, since chalcopyrite and pyrite are well liberated (>90%) at the ground flotation P80. 
 
• Major non sulphide gangue minerals were quartz, amphibole, albite and dolomite.  Minerals 
such as dolomite can increase the rate of acid consumption if an acid is applied in a circuit. 
Clay minerals such as muscovite and illite can also increase viscosity and may reduce 
recovery of valuable metals, but were present in negligible amount. The predominant NSG 
minerals, quartz and albite, have no negative properties in flotation. Therefore, it was 
assumed that NSG would have a minor effect on the flotation recovery. 
 
• Liberation levels of pyrite, chalcopyrite and NSG for the laboratory mill feed were far better 
than expected from measurement in the liberation class of 95-100%, 100% (and also in the 
class 100% alone). At coarse size fraction (-3350+2000 µm), chalcopyrite was poorly 
liberated (0.8%) in the feed whereas pyrite and NSG were above 80% (95-100%, 100% 
liberation basis). This shows that pyrite and NSG have a larger grain size than chalcopyrite.  
 
• Liberation evaluation of the mill product indicates that a measured liberation level (for each 
size fraction) at a particular P80 size can be used to predict the liberation levels at other P80 
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values having measured their respective mineral distribution data. A strong agreement was 
observed in a verification step when comparing a measured and a predicted liberation level 
at a P80 of 85 microns, using the liberation levels measured on each size fraction at a P80 of 
430 microns.  
 
• Mill product liberation evaluation tests also show that the liberation levels for all P80 values 
are high (above 90%), which indicate a possibility of coarse grinding (to minimize energy 
consumption) in the grinding circuit. Flotation recovery was also expected above 90% in the 
rougher at the target P80 in the region 85-106 microns. 
 
• The liberation characterization (mineral association data supported the locking 
characteristics of chalcopyrite, pyrite and NSG in the liberation data) of the mill feed in the 
size fraction of -150+106 microns shows that the majority of the unliberated chalcopyrite 
was interlocked with gangue in binary form (9.4%). About 2.2 % of chalcopyrite present as 
binary form was found to be locked in pyrite. About 0.22% of the chalcopyrite was locked 
in both pyrite and non-sulphide gangue in multiphase particles. About 7.4 % of pyrite was 
present in binary form and less than 1 % was present in multiphase form. 1.6 % of pyrite 
was present with binary form and locked in chalcopyrite.  About 0.5 % of NSG was present 
in the binary form and 0.01 % in multiphase form.   
 
The main aim of this chapter was to establish, using predictions based on liberation data, if a much 
coarser P80 sizing is possible for the feed to a bulk rougher circuit (and also a sequential circuit). It 
was found that there was initial scope for increasing the sizing (P80) to values in the range 190-430 
microns. 
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CHAPTER 5 - BULK ROUGHING FLOTATION OF CHALCOPYRITE-
PYRITE ORE - AN ALTERNATIVE CIRCUIT ARRANGEMENT TO 
SEQUENTIAL TECHNIQUE FOR TREATING CHALCOPYRITE-PYRITE 
ORES 
 
5.1 Introduction 
 
The aim of this chapter is to present the results of the bulk roughing flotation experiments 
conducted under different conditions.  The procedures used for the flotation tests are stated in 
Chapter 3. The proposed test work flowsheet is in Chapter 1. The data are presented graphically in 
most cases, for ease of interpretation. The details of every test are given in the Appendix C. The 
results of these tests are discussed in terms of: 1) what was observed, 2) how this relates to the aim 
of the project and finally 3) the effect on metallurgy.  
 
This chapter comprises the roughing flotation characterisation of the ore sample. The flotation 
studies include mainly bulk roughing. In the following chapter, the cleaning flotation experiments 
result is discussed. Furthermore, the results from the reagent dosage optimisation, pH optimisation 
tests, and experimental designs tests are discussed.  In addition, the subsequent effects of the 
flotation experiments on grade and recovery for the rougher concentrate are presented.  
 
In this chapter, the results of the flotation experiments are presented in terms of both element and 
mineral bases (mineral bases are included in experimental design and kinetic sections). In the 
following chapter, the cleaning flotation experiment results are presented only on an elemental basis 
due to uncertainties in calculation of element to mineral assay when the sulphur assay was high in 
the cleaner tails. It was observed that as the pyrite was largely depressed at the elevated pH cleaning 
stage. After sulphur was allocated to the chalcopyrite, there was none remaining for the small 
amount of pyrite present in the copper concentrate (giving a negative calculated assay for the 
pyrite).  
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5.2  Initial Bulk Roughing Flotation Experiments  
 
As mentioned in Chapter 3 (section 3.3.4), to investigate metallurgical performance of the ore 
sample, an initial bulk roughing flotation test was performed at the high end of the collector 
addition range at Telfer (i.e. 80 g/t PAX and 20 g/t RTD11A).  
The result of this test showed a cumulative copper grade of 2.8% and a cumulative sulphur grade of 
17.3%. The total copper and sulphur recoveries were 98.3% and 97.9% respectively. The 
concentrate mass recovery was 11.7%. It was also observed that the grade of copper was upgraded 
by a factor of 9 and sulphur by 8, which is the enrichment ratio for the two elements. The recovery-
time graph (Figure 5.1) and grade-recovery curve (Figure 5.2) for the initial test are shown below. 
 
Commonly, a roughing circuit is focused at maximizing recovery of valuable minerals while 
minimizing gangue flotation. Improving grades of copper and sulphur at the rougher was not a 
priority. In Chapter 6, cleaning flotation performance is discussed which places emphasis on 
improving grade as well as maintaining recovery at an optimum level. 
 
 
 
Figure 5.1: Recovery against time graph for the initial flotation test: (a) Recovery against time and 
(b) species remaining against time 
 
 
From Figure 5.1, it is shown that at the second minute of flotation more than 90% of both copper 
and sulphur species are recovered. It is expected that the fully liberated fast floating components of 
the sulphides and copper minerals are recovered by the second minute. The second component of 
the sulphides and copper minerals was recovered from the start of the test to the end of the test and 
comprised the slow floating liberated minerals, partially liberated and middling particles. 
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Figure 5.2: Grade-recovery curves for the initial flotation test (20 g/t RTD11A, 80 g/t      PAX 
and natural pH of 7.9).  
 
 
After determining the metallurgical result from the initial test (Figure 5.2), four reproducibility tests 
were conducted at the same flotation testing condition (except flotation time) as the initial flotation 
test to determine the consistency in assay results and the metallurgical test results. The flotation 
time for the initial test was at 20 minutes. Since the copper and sulphur recovery after the second 
minute was greater than 90%, the flotation time for the reproducibility tests was reduced to 10 
minutes. As a result, the rougher recovery observed was approximately 2% lower. Overall, the 
recovery figures were consistent at greater than 94%. Statistical analysis of the reproducibility tests 
shows that the standard deviations of recoveries were 0.2% (copper) and 0.8% (sulphur) at the 95% 
confidence interval. 
 
The cumulative grade-recovery figures for copper and sulphur for the reproducibility tests were 
consistent as shown in Figure 5.3.  
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 Figure 5.3: Grade-recovery curve for copper (a) and sulphur (b) 
 
 
 
The result for gold was also within the expected range based on the mill feed mineral 
characterisation studies. The gold recovery was 94% (Telfer’s gold recovery target is between 85-
95%) with a cumulative grade of 9.7 g/t Au. Table 5.1 shows the gold results for the initial flotation 
test conducted. Overall, the results for the flotation experiments depict good recoveries for copper, 
sulphur and gold.  
 
       
       Table 5.1: Gold results  
 
Streams 
Mass Assays  Recovery (%) 
grams % Cu % Au g/t 
S 
 % SiO2 % Cu Au S SiO2 
Feed 2019 
         Conc1 132.6 6.5 4.4 15.5 27.8 22.1 87.9 88.9 88.2 2.4 
Conc 2-3 57.2 2.9 0.9 2.0 5.3 48.9 7.7 5.0 7.3 2.3 
Conc 4-5 33.6 1.6 0.2 0.2 0.8 54.9 0.8 0.3 0.7 1.5 
Tail 1784 89 0.01 0.1 0.1 63.5 3.6 5.8 3.8 93.8 
Total 
 
100 
    
100 100 100 100 
Recalculated 
feed 2007.4 
 
0.31 1.2 2.1 60.2 
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5.3 Collector Optimisation Tests 
 
It is common operating practice in sulphide concentrators to use the rate of addition of collectors 
either to the grinding mill or to the rougher banks as a major controllable variable. For the tests 
conducted, copper collector (RTD11A) was added to the mill while PAX was added to the flotation 
cell before flotation commenced. The effects of collector addition rate on the copper and sulphur 
metallurgical performance for the tests conducted are shown in Figure 5.4.  The effect of collector 
was examined in detail by looking at the change in grade-recovery curve position for the rougher 
tests with change in collector addition rate.  
 
Three series of collector optimisation tests were conducted to determine the effects of collector 
addition on the position of the rougher grade-recovery curve while noting the likely influence on 
chalcopyrite and pyrite separation in the later cleaning stage if collector additions are unnecessarily 
high in the rougher. The first series comprised eight tests at reducing collector levels, the second 
series was comprised of twelve tests (i.e. experimental design tests) and the final series was 
comprised of six (6) tests.  The collector dosage used for the first series of tests and their 
corresponding results are tabulated in Table 5.2.  
 
 
 Table 5.2: Cumulative grade/recovery of copper and sulphur at different addition rates of 
RTD11A and PAX (pH 7.9 - Natural) 
 
Test 
Collector Addition 
Rate (g/t) Copper and Sulphur Results 
 
RTD11 A PAX Copper (%) Sulphur (%) 
Grade Recovery Grade Recovery 
1 20 80 2.8 96.3 20.8 97.0 
2 10 40 3.0 96.1 21.8 95.0 
3 5 20 3.0 94.4 21.8 94.0 
4 2.5 10 3.3 95.7 23.0 95.0 
5 2.5 10 3.5 95.3 21.2 94.3 
6 1.25 5 4.0 94.9 26.3 92.4 
7 0 5 2.9 94.7 14.4 66.3 
8 0 2.5 3.0 94.3 9.0 41.1 
 
Note: Tests 1-4 were conducted initially on a single day. Tests 5-8 were conducted after the 
results for tests 1-4 were received and on a single day. 
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From these tests, a major effect from reduction of the collector dosage is not evident for copper. 
The copper grades and recoveries were not affected greatly by the change in collector dosage 
(Figure 5.4 a). This may be due to the strong influence of combined collector dosage in the bulk 
rougher employed in these tests.  It may also be attributed to the very low copper head grade; 
therefore, minimum RTD11A dosage was enough for the copper minerals. When there was no 
RTD11A, still enough PAX was present for copper recovery, even with PAX at low value for the 
system as a whole. For these tests, copper recoveries and grades were above 94% and 3% 
respectively.  
 
However, as the PAX level dropped below 5 g/t, sulphur grades and recoveries reduced greatly. 
This can be observed from Table 5.2 or Figure 5.4 b.  Based on these results and the results in the 
next section (5.4), an experimental design was employed (section 5.5) to analyse the primary effects 
of collector (RTD11A and PAX) and their interaction effects.  
 
In the following section, the effect of pH on grade and recovery will be discussed prior to the 
experimental design tests results. 
 
 
 
 
Figure 5.4: Effect of lowering collector addition rate on the grade-recovery curves for copper (a) 
and sulphur (b) (reagent addition rates are shown in Table 5.2 with respect to their test numbers) 
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5.4 pH Optimisation Tests 
 
The procedures used to undertake these tests are stated in Chapter 3 of this thesis. The results 
obtained for these series of tests are shown in Figure 5.5. The pH series tests were conducted to see 
the effect of pH on copper and sulphur metallurgy. This was due to the fact that the natural pH for 
such ore in one deposit can be different from another deposit (Seaman, 2011).  
 
The effect of pH on the recovery and grade of copper and sulphur is shown in Figure 5.5. The result 
shows that copper and sulphur cumulative recoveries are above 90%. However, it was also 
demonstrated that the recovery of copper and sulphur reduces after the first minute of flotation as 
the pH decreases, which clearly indicates the change in flotation rates was due to change in pH (or 
flotation condition). The cumulative grades for both species were not affected greatly as the pH 
changes, which means the results were consistent at each pH level tested. 
   
 
Figure 5.5: Effect of lowering pH on the grade-recovery curves for copper (a) and sulphur (b) - 2.5 
g/t RTD11A, 10 g/t PAX. The starting pH was 7.9, which is the natural pH. 
 
 
It was concluded that at the pH range (5-7.9) tested, pH has no effect on the grade-recovery position 
of all the valuable species present in the pulp. Therefore, the effect of pH on the flotation of the ore 
sample tested was considered minimal. 
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5.5 Experimental Design 
 
A 23 (2 levels, 3 factors) factorial design was prepared to investigate the effects of pH and collector 
addition rates on metallurgical results using the results in sections 5.3 and 5.4 to assist in selection 
of the factors and their levels. The selection for the high and low levels for the experimental design 
tests was based on the effects on the copper-sulphur grade-recovery curve position (i.e. a point at 
which no further recovery can be made at a particular grade due to insufficient collector). The high 
and low levels selected for the variables were: RTD11A (2.5, 0), PAX (10, 5), pH (8, 5). A total of 
twelve tests was conducted in this set of experiments, which included four centre point tests (4 
repeats) and eight main tests. The detailed procedure for the experimental design tests is stated in 
Chapter 3 of this thesis. The statistical analysis in the experimental design is based solely on 
chalcopyrite and pyrite graphs (grade-recovery curves) and the associated tables (Tables 5.3 and 
5.4). For the experimental design tests, both element and mineral values are discussed based on the 
fact that statistical method utilised was best suited in mineral assays than elemental assays (Napier-
Munn, 2012), because, strictly the sulphur data reflects the behaviour of two minerals, chalcopyrite 
and pyrite. Mineral data (i.e. chalcopyrite-pyrite grade-recovery values) can be obtained from 
appendix C for all tests conducted under bulk roughing (including the experimental designs tests). 
 
The results from the experimental design tests were analysed statistically to determine the primary 
and interaction effects. The effects on chalcopyrite and pyrite grade and recovery are shown in 
Figures 5.6, 5.7, 5.8 and 5.9. The effects shown are at pH8 (high level) in Figures 5.6 and 5.8 and 
pH5 (low level) in Figures 5.7 and 5.9.  
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Figure 5.6: Effect of collector on the grade-recovery curves for (a) copper and (b) chalcopyrite at 
pH8 (at high and low collector levels) 
 
 
 
Figure 5.7: Effect of collector on the grade-recovery curves for (a) copper and (b) chalcopyrite at 
pH5 (at high and low collector levels) 
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Chalcopyrite grades and recoveries at these levels of pH were not affected greatly as shown in 
Figures 5.6 and 5.7. The collector additions rates were also at their high and low levels as shown. 
 
 
Figure 5.8: Effect of collector on the grade-recovery curves for (a) sulphur and (b) pyrite at pH8 
(at high and low collector levels) 
 
 
 
Figure 5.9: Effect of collector on the grade-recovery curves for (a) sulphur and (b) pyrite at pH5 
(at high and low collector levels) 
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
86 
 
Statistical analysis of the chalcopyrite grade at 90% recovery of chalcopyrite shows standard 
deviation (SD) of 1.1% for the 4 repeat tests in the experimental design, which means chalcopyrite 
grade can be estimated at ±2.2% with a 95% confidence interval and that means that the differences 
between the results are statistically insignificant (Table 5.3, P-values are > 0.05).  This leads to the 
conclusion that there is no primary effect of any variables on the position of the chalcopyrite grade-
recovery curve for the tests at pH8 and pH5. 
 
Table 5.3: Statistical analysis showing the primary and interactions effects of flotation 
variables on chalcopyrite grade at 90% recovery 
Source Response 
 
Effect SS 
(MS) 
F 
(varia
nce) 
P(F) Confidence 
% 
Main Effects 12.4 - - - - - 
RTD11A 12.6 0.35 0.24 0.19 0.69 31.1 
PAX 10.9 -0.97 1.86 1.52 0.31 69.5 
RTD11A*PAX 12.4 -0.27 0.15 0.12 0.75 24.7 
pH 13.0 0.86 1.48 1.21 0.35 64.8 
RTD11A*pH 14.0 -0.48 0.45 0.37 0.59 41.3 
PAX*pH 13.1 -0.08 0.01 0.01 0.92 7.9 
RTD11A*PAX*pH 11.8 -0.87 1.51 1.24 0.35 65.3 
 
Note: No significant primary or interaction effects (F= variance, SS = sum of squares, 
Response = Cpy grades) 
 
However, pyrite results turn out to be affected at low pH level. When the collector levels were at 
their low level, sulphur/pyrite grade and recovery dropped as shown in Figure 5.9. Statistical 
analysis of the four repeat tests shows a standard deviation of 1.9% for pyrite grade at 90% 
recovery, which means there is a significant primary effect on the position of the pyrite grade-
recovery curve (Figures 5.8 and 5.9). 
 
It was also shown that the primary effect of PAX is not significant at all but the primary effects of 
RTD11A and pH are (Table 5.4 – P values for PAX >0.05, RTD11A and pH <0.05). This can be also 
observed from Figures 5.8 and 5.9, where at low PAX level and no RTD11A (Test 12), pyrite 
recovery dropped below 90% at much lower pyrite grade. 
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Table 5.4:  Statistical analysis showing the primary and interactions effects of flotation 
variables on pyrite grade at 90% recovery 
Source Response 
 
Effect SS 
(MS) 
F 
(varia
nce) 
P(F) Confidence 
% 
Main Effects 23.5 - - - - - 
RTD11A 46.5 8.9 156.9 44.7 0.01 99.3 
PAX 34.0 0.3 0.2 0.1 0.83 16.9 
RTD11A*PAX 43.3 -6.8 92.3 26.3 0.01 98.6 
pH 41.0 6.8 93.6 26.7 0.01 98.6 
RTD11A*pH 49.3 -7.3 106.8 30.5 0.01 98.8 
PAX*pH 44.8 -3.3 21.8 6.2 0.09 91.2 
RTD11A*PAX*pH 39.6 0.1 0.01 0.0 0.97 3.5 
 
Note: Significant effects are highlighted in bold typing (F= variance, SS = sum of squares, 
Response = Py grades) 
 
From the results of the statistical analysis, it was shown that the two significant primary effects 
were for RTD11A and pH. PAX itself was not significant at all for the range tested (Table 5.4, P 
value at 0.83), but with the presence of RTD11A, pyrite grade at 90% recovery was affected (P- 
value 0.014, i.e. RTD11A*PAX had a significant effect). From Table 5.4, there was also a 
significant effect for RTD11A*pH. 
 
The interaction effects of the variables were further demonstrated using Minitab Software provided 
by Professor Tim Napier Munn. The results are presented in Figure 5.10.  The reader can proceed to 
the commencement of the next section if the interaction effects in Figure 5.10 are of no further 
interest.  
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Figure 5.10: Interaction effects on pyrite grade at 90% recovery (Professor Tim Napier 
Munn was consulted for constructing this diagram using Minitab Software) 
 
The interaction effects of the variables were quite informative, which shows that the effect of 
RTD11A depends on the levels of PAX and pH. Even though PAX itself is not significant (has no 
direct primary effect for the range tested), it does have an indirect effect in terms of its influence on 
the RTD11A effect (Graph A, Figure 5.10).  
 
In Figure 5.10, the y-axis shows the % pyrite grade (at 90% pyrite recovery) and the x-axis shows 
the levels of the variables tested. The middle column (Graph A) shows the effect of RTD11A at 
different levels of PAX and the right hand column (graph B) shows the effect of RTD11A at 
different levels of pH.  
 
Graph A (Figure 5.10) shows that the effect of PAX is quite strong but is opposite depending on 
whether RTD11A is high (green line) or low (black line). While the PAX itself is not a significant 
variable, the RTD11A*PAX interaction is. 
 
Graph B (Figure 5.10) in the third column shows the pH effect at different levels of RTD11A. As 
pH increases, pyrite grade increases strongly when RTD11A is low (black line) but pH has no effect 
when RTD11A is high (green line). This means that there is a significant RTD11A*pH interaction.   
A B 
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The red dots are the averages for the centre point runs which are largely in the middle of each range 
as they should be. 
5.6 Further Collector Optimisation Tests Results 
 
Several series of further collector dosage optimisation tests were done at fixed RTD11A dosage 
(1.25 g/t) with different PAX levels as stated in Chapter 3.  The results of these tests are shown in 
Figure 5.11.   
 
These tests were undertaken based on the results from the collector series (section 5.3) and the 
experimental design tests (section 5.5). The purpose of these tests was to establish a minimum 
collector level that can produce optimum metallurgical results (a level that will avoid detrimental 
influence of excessive collector dosage and assist efficient depression of pyrite from chalcopyrite in 
a later stage of high pH cleaning). 
 
  
 
Figure 5.11: Effect of collector on the grade-recovery curves for copper (a) and sulphur (b) at 
different levels of collector addition rate (constant RTD11A and different PAX levels)  
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The copper grade-recovery curves (Figure 5.11 a) show a constant recovery of copper was achieved 
at varying concentrate grade even at the low PAX level and the low level for the copper collector 
(RTD11A). This is explained by the fact that the copper head grade was very low. The low values 
for RTD11A and PAX were still sufficient collector additions for the copper minerals. As PAX 
addition rates were reduced, the copper grade increased without any effect on the copper recovery.  
The increase in copper grade was due to low recovery of sulphur (sulphide) as a result of the low 
PAX addition, the main collector for the sulphide (pyrite). This can be seen in Figure 5.11 (Tests 3, 
5 and 6).  
 
Figure 5.11b shows the cumulative grade-recovery curves for sulphur at different PAX levels 
(RTD11A addition was constant). The sulphur grade and recovery dropped off extremely as the 
PAX dosage was reduced below 3.75 g/t. When the PAX addition rate was 5 g/t, sulphur grade was 
at 20% and recovery was above 90%, which is optimal. This indicates that a minimum PAX dosage 
of 5 g/t, with the RTD11A addition rate at 2.5 g/t produced good metallurgical results for both 
sulphur and copper.   
5.7 Comparison of Bulk Roughing vs Sequential Roughing Circuit Performance 
 
The sequential circuit test results from the rougher (results fully discussed in Chapter 6, section 6.8) 
were used to compare the results obtained by the bulk roughing technique discussed in this chapter. 
The copper and sulphur losses to the rougher tails were determined and are presented in Figure 
5.12. 
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Figure 5.12: Copper and sulphur losses in the rougher tails of bulk (P80 of 85 and 106 microns) and 
sequential (P80 of 106 microns) circuit for various tests conducted 
 
From Figure 5.12, it is clear that less than 6% of both Cu and S are lost in the rougher tail in the 
bulk circuit at P80 of 85 microns and the sequential circuit. In one of the tests for the bulk circuit at 
P80 of 106 micron, both copper and sulphur losses to the tail increased to approximately 8%. 
However, the averaged results for both copper and sulphur losses in the rougher at P80 of 106 
microns for the bulk circuit are still below 6%. This indicates that both copper and sulphur 
recoveries are above 94% in the bulk rougher at a mass recovery of 6-10% at two different P80 
values. It can be concluded that bulk roughing gave the same or improved copper and pyrite 
recovery compared to a sequential circuit (two stages of roughing). 
5.8 Flotation Kinetics  
 
 
An analysis of the flotation kinetics of the bulk roughing flotation stage for the lower collector 
series test (5 g/t PAX and 2.5 g/t RTD11A, Test 2 in section 5.5) was undertaken to determine the 
relative proportions of fast and slow floating material. This test was chosen based on the results 
presented above (sections 5.4, 5.5, 5.6), considering RTD11A would have no effect on both 
chalcopyrite grade and recovery (or rate constant) even by conducting a test at its low level (i.e. 0 
g/t). This can be observed in Figure 5.9 in section 5.5, where RTD11A was at 0 g/t and the test still 
produced good chalcopyrite grades and recovery in the presence of PAX. 
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The result is plotted in Figure 5.13.  The residence time is 30 s, 30 s, 2 min, 3 min and 4 minutes for 
five different concentrates collected, i.e. cumulative residence times of 0.5, 1.0, 3, 6 and 10 minutes.   
 
 
 
 
Figure 5.13: Elemental species remaining at different flotation time (5 g/t PAX, 2.5 g/t RTD11A)- 
section 5.5 test 2 
 
 
A single first-order approach has been considered for this experiment. From Figure 5.13, the first-
order flotation rate constant, K, is determined by the formula in equation 3.4 in Chapter 3 of this 
thesis. The data are found to have high response over at least the first 30 seconds of flotation.   
 
Tables 5.5 and 5.6 show the flotation rate constants (K – min-1) for chalcopyrite and pyrite 
calculated from equation 3.4. The maximum recovery (Rmax) is also calculated.  
       
 
Table 5.5: Rate constant and recovery at maximum for chalcopyrite (test 2, section 5.5)  
 
time (t) 
Recovery 
(observed) Rmax K (min-1) 
Recovery 
(model) 
0.5 74.7 96.6 8.8 75.0 
1 86.2 96.6 8.8 85.7 
3 93.6 96.6 8.8 93.0 
6 94.5 96.6 8.8 94.8 
10 95.0 96.6 8.8 95.5 
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At the given conditions, maximum flotation recovery of chalcopyrite is 96% with a rate constant of 
8.8 min-1. This indicates a confidence that chalcopyrite recovery in the rougher can be achieved as 
required at 2.5 g/t RTD11A and 5 g/t PAX.   
 
Also for the case of pyrite, an optimum value can be achieved at the same PAX and RTD11A 
addition rate (5 g/t PAX and 2.5 g/t RTD11A). This can be observed from Table 5.6. A maximum 
recovery of 95% can be achieved at a maximum flotation time at the given condition. The rate 
constant for pyrite at this condition was 8.9 min-1 as shown in Table 5.6. 
 
        Table 5.6: Rate constant and recovery at maximum for pyrite (test 2, section 5.5) 
 
time (t) 
Recovery 
(observed) Rmax K (min-1) 
Recovery 
(model) 
0.5 74.3 95.7 8.9 74.6 
1 85.4 95.7 8.9 85.0 
3 92.7 95.7 8.9 92.2 
6 93.7 95.7 8.9 93.9 
10 94.2 95.7 8.9 94.7 
 
5.9 Effect of Non-Sulphide Gangue Recovery (Recovery by Entrainment) 
 
It is known that the effect of non-sulphide gangue recovery in a sulphide flotation concentrate 
stream will result in dilution of the concentrate grade. The test selected for this analysis is same as 
the one selected in section 5.8. This test was selected based on the metallurgical result obtained at 
the minimum collector level. Non-sulphide gangue recovery into a flotation concentrate stream can 
result from three mechanisms: 
 
1) Liberated NSG recovery by entrainment in the water reporting to the concentrate 
 
2) Recovery of unliberated NSG associated with the valuable minerals (in composites) 
 
3) Recovery of liberated hydrophobic NSG (e.g. talc, carbonaceous material) 
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To estimate the recovery of NSG in the concentrate stream, water recovery data were collected, 
knowing the relationship between water recovery and NSG recovery. The results are shown in 
Figures 5.14 and 5.15. 
 
 
 Figure 5.14: Recovery of water, sulphide minerals and NSG in each concentrate 
collected (pH 7.9 - natural, RTD11A – 2.5 g/t, PAX – 5 g/t, test 2 section 5.5) 
 
The behaviour of chalcopyrite, pyrite, non-sulphide gangue and water in the rougher circuit is 
shown in Figure 5.14. It is evident that there is a similarity between the behaviour of non-sulphide 
gangue and water. The position of the graphs for NSG and water in Figure 5.14 must be regarded as 
being a trend only because it is possible to increase or decrease greatly the rates at which the 
particles are recovered.  
The similarity in behaviour of non-sulphide gangue and water recovery in a rougher section is that 
non-sulphide gangue is always present in two forms in a sulphide ore flotation pulp, as free particles 
and as NSG-sulphide composites, and the behaviour of free particles depends on the water recovery 
(Lynch et al., 1981). However, in Chapter 4 of this thesis, it was observed that NSG was virtually 
fully liberated at the ground P80 (99% lib at P80 of 85 microns) for the flotation experiments. It is 
assumed that NSG reporting to the rougher concentrate is not associated with NSG-chalcopyrite 
particles to any extent. 
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Figure 5.15: Relationship between recovery of water and recovery of non-sulphide   
gangue 
 
From Figure 5.15, it is obvious that, as water recovery increases, non-sulphide gangue (NSG) 
recovery increases in an approximately linear relationship. This relationship can be attributed to 
entrainment. As stated (Lynch et al., 1981), at normal values for the rate of recovery of water, pulp 
density and fineness of grind, the rate of recovery of NSG (siliceous) is approximately proportional 
to the rate of recovery of water. This relationship can be observed in Figure 5.15. 
In a conventional flotation cell, the water in the froth region originates from the pulp region, and 
transports all the liberated non-sulphide gangue particles present in each unit of water entering the 
base of the froth region. As the water moves to the top of the froth region, the larger particle settle 
back to the pulp while the finer particles continue to be transported in the water. This results in the 
approximately linear relationship between non-sulphide gangue recovery and water. 
 
The valuable mineral present in this ore sample was highly liberated and the contribution from NSG 
in composites is likely to be low. The total NSG recovery as shown in Figure 5.15 is approximately 
4% after the total flotation time of 10 minutes with a water recovery of approximately 15%. The 
recovery of the non-sulphide gangue was considered to be attributed to entrainment.  
 
This is a typical rougher result and dilution cleaning of the rougher concentrate will be important to 
reject the liberated non-sulphide gangue recovered in the rougher. 
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5.10 Summary 
 
Bulk Roughing Flotation Experiments were conducted as: 
 
1) Initial Flotation Tests – To observe the metallurgical response of the ore sample. 
 
2) pH Series Tests – To see the effect of pH on the metallurgical results of the ore sample. 
 
3) Collector Series Tests (Includes Experimental Design) – To establish a minimum 
collector level that will produce optimum metallurgical results. These tests were also 
done to minimise the likely detrimental effect of unnecessary high collector addition on 
chalcopyrite/pyrite separation at the cleaning stage. 
 
Based on the results from the bulk roughing flotation, the main findings were as follows: 
 
• The metallurgical response of the ore sample was as expected. A copper recovery of 96% 
and a sulphur recovery above 94% with 3% copper and 22% sulphur grades were achieved 
at high reagent addition rate (20 g/t RTD11A and 80 g/t PAX). 
 
• pH series tests also indicated that at pH from 5-8, there were no large effects on the flotation 
recovery of copper and sulphur. As the pH decreases, the flotation kinetics change but final 
recovery for both copper and sulphur were above 94%.  
 
• At a low collector level of 2.5 g/t RTD11A and 5 g/t PAX an optimum metallurgical result 
can be achieved.  A copper recovery of 95% and a sulphur recovery of 94% were achieved 
at these low levels of collector. 
 
• The position of the grade-recovery curves in the bulk roughing for sulphur was susceptible 
to the effect of low collector additions. 
 
• Experimental design tests indicate that neither PAX, RTD11A nor pH have an effect on the 
grade of copper/chalcopyrite at 90% recovery of copper/chalcopyrite at 95% confidence 
level. The two significant primary effects on pyrite grade at 90% recovery of pyrite at 95% 
confidence limit were RTD11A and pH; the significant interaction effects were the 
RTD11A*pH and RTD11A*PAX interactions.  
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• The total % NSG recovered to the rougher concentrate was 4% with respect to the rougher 
feed. It was observed that the recovery of NSG was due to entrainment as particles were 
well liberated (>95% liberation i.e. for pyrite, chalcopyrite and NSG) at the ground flotation 
P80. Therefore, dilution cleaning of the rougher concentrate will be important to reject the 
liberated non-sulphide gangue.  
 
The main aim of this chapter was to establish the same or improved performance for the bulk 
roughing circuit by comparing with the standard sequential (two stages of roughing) circuit. From 
the bulk (at both P80 of 85 and 106 microns) and sequential rougher experiments conducted, it was 
observed that less than 6% of both copper and sulphur were lost in the rougher tail for both types of 
roughing. To conclude, bulk roughing gave the same or improved copper and sulphur recovery 
compared to a standard sequential circuit (two stages of roughing).  
 
 
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
98 
 
CHAPTER 6 - BULK CLEANING FLOTATION (SEPARATION OF 
CHALCOPYRITE FROM PYRITE) 
 
 
6.1 Introduction 
 
This chapter presents the results from the cleaning circuit optimisation tests conducted at different 
flotation conditions.  The procedures used for the cleaning flotation tests are stated in Chapter 3.  
 
It is usual to refloat rougher concentrates in one or more stages of cleaning in order to improve the 
concentrate grade. The cleaner feed (dilution cleaner stage) as discussed in Chapter 5 consisted 
predominantly of liberated sulphides, liberated non-sulphide gangue and a small proportion of 
composite particles. Approximately 4% of the non-sulphide gangue in the rougher feed reported to 
the cleaner feed.  
 
One aim of the cleaning flotation experiments was to improve the concentrate grade by removing 
most of the liberated non-sulphide gangue recovered in the rougher by entrainment and also to 
separate the pyrite from chalcopyrite by depressing the pyrite at high pH (or by sodium cyanide 
(NaCN) where necessary).  
 
Several cleaner flotation tests were conducted at high pH to establish a process that produces a high 
grade gold-pyrite concentrate and a high grade copper-gold concentrate.  In some tests, sodium 
cyanide was added at pH between 10 and 10.5 to improve continually the performance of the 
circuit. In other tests, several sequential flotation tests (Cu-selective) were conducted to compare 
with the results from bulk flotation experiments. The results of these tests are also shown in this 
chapter. 
 
In other sets of flotation experiments, robustness flotation tests were conducted, where copper 
sulphate was used to deliberately activate the pyrite in the feed (at reducing condition in the 
grinding step - iron powder being used to create reducing condition) because pyrite can be activated 
by copper ions under such reducing conditions. These tests were conducted to establish the ability 
of the circuit to continue to direct the pyrite to the required product in the cleaning system when the 
pyrite was deliberately activated with copper ions in roughing. The results of these experiments are 
presented in Section 6.10. 
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6.2  Initial Cleaning Flotation Experiments 
 
An initial cleaner flotation test was conducted without adjustment of pH in the cleaning circuit. The 
reason for this test was to observe the behaviour of the sulphides and non-sulphide gangue in 
cleaner flotation, and also to see the positions of the pyrite and chalcopyrite grade/recovery curves 
after one stage of dilution cleaning. It was also conducted to see the performance of the dilution 
cleaner circuit in terms of non-sulphide gangue removal to its tail. The result of this test is shown in 
Figures 6.1and 6.2 
 
It is observed that a final grade of 5.5% Cu (Figure 6.1a) or 17.7% of chalcopyrite (Figure 6.1b) can 
be produced for a combined chalcopyrite/pyrite concentrate. On the other hand, a final sulphur 
grade of 33% (Figure 6.1a) or 58% pyrite (Figure 6.1b) can be produced in a combined 
pyrite/chalcopyrite concentrate. This is an upgrade of 2 % Cu (or 7% chalcopyrite) and 10% S (or 
approx. 20% pyrite) from the rougher concentrate. The concentration ratio in the cleaner was much 
lower than in the roughers due to the fact that the particles with the very low probability of flotation 
have already been rejected from the circuit. 
 
 
 
 
Figure 6.1: Grade-recovery curves for (a) copper and sulphur and (b) chalcopyrite and pyrite after 
one stage of dilution cleaning 
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Figure 6.2: Selectivity curve for pyrite and chalcopyrite (Recoveries with respect to the 
dilution cleaner feed) 
 
Flotation is a separation process and thus it is important that the valuable minerals are not only 
recoverable but that the valuable minerals recoverable to a greater extent than the gangue minerals. 
Therefore, selectivity curves are ideal for this type of evaluation. On these curves, the recovery of 
the non-sulphide gangue (y - axis) is plotted against the recovery of each valuable mineral (x - axis) 
(Figure 6.2). The “45 degree line” on this plot represents the point at which no selectivity occurs – 
the recovery of valuable mineral is equal to the gangue mineral and no separation is achieved. The 
further to the right of this line that the selectivity curve lies, the better. Different selectivity curves 
should be created for each of the gangue minerals of interest as different minerals often exhibit 
different degrees of selectivity with the valuable minerals (Runge, 2010).  
 
From Figure 6.2, it is observed that the two minerals of interest (chalcopyrite and pyrite) were 
separated from most of the non-sulphide gangue. Approximately 60% (Figure 6.2) of the NSG 
recovered at the rougher circuit was removed in the cleaners, this resulted in increased grades of 
valuable minerals as illustrated in Figure 6.1b. However, pyrite and chalcopyrite (their recovery 
values are quite similar at each stage) cannot be separated at the testing conditions applied for this 
test; this can be noted from the selectivity curve (Figure 6.2) that both minerals shifted to the right 
of the “45 degree line” exhibiting similar behaviour. The elevated pH tests conducted (see sections 
6.4 and 6.5) were purposely done to separate pyrite from the chalcopyrite.   
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The overall measure of selectivity in a batch flotation test is the grade (or purity) of the concentrate 
produced. The cumulative concentrate grade versus the cumulative recovery curves produced from 
different tests conducted can be compared to determine those conditions which result in the best 
selectivity with respect to all minerals.  
6.3 Flotation Performance in the Dilution Cleaning Stage 
 
As discussed in Chapter 3 of this thesis, the dilution cleaning was purposely done to remove much 
of the entrained non-sulphide gangue. The results of the dilution cleaning step are shown in Figure 
6.3 for various tests. The feed to the dilution cleaning step is the rougher concentrate. 
 
 
 
Figure 6.3: Percent NSG rejections at the dilution cleaning stage with respect to the rougher 
feed (The tests were conducted at different reagent addition rates as discussed in the test 
procedure in Chapter 3) 
 
It is shown from Figure 6.3 that approximately half of the NSG can be removed at the dilution 
cleaning stage (2% NSG with respect to rougher feed of 4% or 50% NSG with respect to dilution 
cleaner feed). This resulted in losses of 3-6% Cu and S (Figure 6.4) to the dilution cleaner tail. The 
Cu and S losses to the tails may result from rejection of partially liberated composite particles and 
slow floating liberated sulphide species (i.e. both chalcopyrite and pyrite). To recover some 
proportion of the 3-6% Cu and S that has been lost to the dilution cleaner tail, it is necessary to 
examine the forms of loss to determine an appropriate response.  
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Figure 6.4: Percent copper and sulphur losses at the dilution cleaning stage with respect 
to the rougher feed (The tests were conducted at different reagent addition rates as 
discussed in the test procedure in Chapter 3) 
 
 
The tests conducted were done at different collector addition rates at the rougher, and no collector 
was added at the dilution cleaning stage. As a result of sulphur and copper losses to the dilution 
cleaner tails are not consistent (this can be observed from tests 1-5). At 2.5 g/t RTD11A and 5 g/t 
PAX, a consistent result is expected, since these values were the assigned levels for the project 
experiment work and considered as optimum from the collector series tests. Tests 6-7 were 
conducted at the assigned levels and a consistent result was produced. The dilution cleaner circuit 
section metallurgical results are presented in the Table 6.1. 
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         Table 6.1: Dilution cleaning section cumulative metallurgical results  
 
Cleaner 
Test 
% Cu  
Conc  
grade 
% S  
Conc 
Grade 
% Cu 
Recovery 
% S 
Recovery 
% 
Feed 
NSG* 
% Conc 
NSG* RCu/RS 
1 5.2 31.9 96.3 97.6 5.1 3.0 1.0 
2 5.1 31.6 96.9 98.3 4.6 2.5 1.0 
3 4.9 30.9 97.5 98.1 4.5 2.2 1.0 
4 4.7 29.3 93.1 95.4 5.7 3.2 1.0 
5 4.9 31.4 92.8 93.7 4.5 2.3 1.0 
6 5.2 29.5 97.5 98.0 4.8 2.6 1.0 
7 4.9 32.6 90.6 89.2 3.8 1.9 1.0 
 
        *Recovery values with respect to the rougher feed 
 
 
It can be seen from Table 6.1 that both copper and sulphur recovery can be obtained above 90% 
(with respect to dilution cleaner feed) in the dilution cleaner circuit. The selectivity ratio (RCu/RS) is 
1.0, which indicates no separation of copper and sulphur at this stage. This is true as there was no 
adjustment of pH done in this section to depress pyrite. The NSG reporting to the dilution cleaner 
feed stream was approximately 4% (with respect to rougher feed) and a copper concentrate grade of 
5% is produced. Also a sulphur concentrate grade of 31% is produced in this section. The 
concentrate from the dilution cleaning circuit was re-cleaned at elevated pH. The results of the 1st 
and 2nd elevated pH cleaning tests are presented in sections 6.4 and 6.5, respectively. 
6.4 Flotation Performance in the 1st Cleaning Stage (Elevated pH) 
 
To see the performance of the ore in the chalcopyrite/pyrite separation stage, the pulp pH was raised 
to depress the pyrite and float the chalcopyrite. The concentrate comprising the chalcopyrite (copper 
stream) and cleaner tail which comprised the pyrite (pyrite stream) were analysed. As discussed 
earlier in the thesis, no mineral grade-recovery curve will be discussed in the elevated pH cleaning 
section. Only element grade-recovery curves are discussed. This was due to uncertainties in element 
to mineral assay conversion for a few high grade initial increments of the copper concentrate. The 
effect of pH on the flotation recovery of copper and sulphur is shown in Figure 6.5.  
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     Figure 6.5: Effect of pH on the copper and sulphur recovery at the 1st cleaner          
 
 
It is shown from Figure 6.5 that there are no significant effects on copper recoveries for all tests 
conducted at different pH levels. Sulphur recoveries dropped off when the pH was raised above 
11.6. There was no significant separation of pyrite and chalcopyrite at pH below 11.6, meaning 
pyrite could not be depressed at pH below 11.6 in this section. This is indicated by the selectivity 
ratio (RCu/RS) in Table 6.2, which is the recovery of copper divided by the recovery of sulphur. 
When the selectivity ratio is equal to one, the amount of copper recovery is equal to the amount of 
sulphur recovery. However, at pH above 11.6, the selectivity ratio increases above one. This 
indicates that pyrite has been depressed, which can also be observed from the decrease in sulphur 
recovery at pH greater than 11.6. Table 6.2 shows the selectivity ratio and the cumulative 
metallurgical results for the tests conducted. At pH of 11.8, the selectivity ratio is 4.5, which 
indicates the majority of the pyrite has been depressed. 
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                     Table 6.2: 1st Cleaner section copper stream metallurgical results (for concentrate) 
 
Test 
1st Cleaner 
RCu/RS pH % Cu Grade 
% Cu 
Recovery 
% S 
Grade 
% S 
Recovery 
1 10.00 5.9 91.6 36.1 91.2 1.0 
2 10.50 5.7 97.6 35.6 98.4 1.0 
3 11.00 5.9 94.1 35.2 89.5 1.1 
4 11.50 6.2 88.4 34.4 78.0 1.1 
5 11.60 5.8 86.0 36.8 84.8 1.0 
6 11.70 6.6 96.5 31.2 80.2 1.2 
7 11.85 12.5 89.9 19.5 21.1 4.5 
 
 
    Table 6.3: 1st cleaner section pyrite stream metallurgical results (for tailing) 
Test 
1st Cleaner 
RCu/RS pH % Cu Grade 
% Cu 
Recovery 
% S 
Grade 
% S 
Recovery 
1 10.00 2.2 7.8 14 8.2 1.0 
2 10.50 1.0 2.2 4.1 1.5 1.5 
3 11.00 1.4 5.5 15.2 9.6 0.6 
4 11.50 1.6 10.5 19.2 20.3 0.5 
5 11.60 2.5 12.6 17.4 13.5 0.9 
6 11.70 0.8 3.2 24.2 18.1 0.2 
7 11.85 0.8 9.2 39.7 70.4 0.1 
 
 
6.5 Flotation Performance in the 2nd Cleaning Stage (Elevated pH) 
 
In the second cleaning stage, the pH was further raised (pH level higher than that in 1st cleaning 
stage at some stages). The performance of the 2nd cleaning stage was observed and the results are 
presented in Figure 6.6. 
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Figure 6.6: Effect of pH on the copper and sulphur recovery at the 2nd cleaner 
 
In this section, it is shown that the effective pH for pyrite depression is above 11.5. Copper 
recoveries were between 80-90% in the second cleaner with respect to its own feed. It is also 
observed that, as the pH was increased to 12.0, the copper recovery decreased to below 80%. This 
suggests that the kinetics of the chalcopyrite has been lowered at pH 12.0.  
 
Between pH 11.5 and pH 12.0, sulphur recovery dropped to below 50%. The decrease in sulphur 
recovery was due to the depression of pyrite at this high pH range, since most sulphur is in the 
pyrite.  
 
Table 6.4 shows the metallurgical results for the different tests conducted. The selectivity ratio in 
this section increases to well above one (1.0), which indicates a good separation of pyrite and 
chalcopyrite.  
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     Table 6.4: 2nd cleaner section copper stream metallurgical results (for concentrate) 
 
Test 
2nd Cleaner 
RCu/RS 
pH % Cu grade 
% Cu 
Recovery 
% S 
grade 
% S 
Recovery 
1 10.50 6.4 90.3 38.8 90.0 1.0 
2 11.00 7.3 94.6 37.1 77.1 1.2 
3 11.50 10.5 93.8 32.9 49.4 1.9 
4* 12.00 23.5 77.4 22.7 13.6 5.7 
5 11.80 8.1 86.0 37.3 63.0 1.4 
6 11.85 13.1 94.3 24.8 38.1 2.5 
7 11.90 19.8 86.6 18.3 51.1 1.7 
 
* Tests 1-4 were conducted as initial tests to see the effects of pH on metallurgy. Tests 5- 
7 were conducted after observing the results from the initial tests. 
 
      Table 6.5: 2nd cleaner section pyrite stream metallurgical results (for tailing) 
 
Test 
2nd Cleaner 
RCu/RS pH % Cu grade 
% Cu 
Recovery 
% S 
grade 
% S 
Recovery 
1 10.50 3.6 8.2 22 8.50 1.0 
2 11.00 1.2 4.9 31 21.0 0.2 
3 11.50 0.8 5.4 38 41.6 0.1 
4* 12.00 1.8 18 37 62.2 0.3 
5 11.80 2.2 11 36 28.0 0.4 
6 11.85 2.1 5.1 37 45.6 0.1 
7 11.90 3.7 11 21 9.20 1.2 
 
*Tests 1-4 were conducted as initial tests to see the effects of pH on metallurgy. Tests 5-
7 were conducted after observing the results from the initial tests. 
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6.6 Overall Cleaner Circuits Performance 
 
The overall cleaning circuit performance was analysed in terms of the copper and pyrite 
concentrates. Sections below describe separately the copper and pyrite stream performance. 
6.6.1 Copper Stream Performance (with respect to rougher feed) 
 
The performance of the copper circuit was analysed and the results of each test conducted are 
presented in Table 6.6. The intention in this circuit was to separate the pyrite from chalcopyrite by 
depressing the pyrite to the cleaner tails (summation of the first and second cleaner tailings), hence 
resulting in improved copper and sulphur grade.  
   
  Table 6.6: Overall copper circuit metallurgical performance  
 
Test 
pH Cu Stream 
Cleaner1 Cleaner 2 
% Cu 
grade 
% Cu 
Recovery S grade 
% S 
Recovery 
Test1 10.00 10.50 6.4 76.6 38.8 76.7 
Test2 10.50 11.00 7.3 86.3 37.1 70.7 
Test3 11.00 11.50 10.5 81.6 32.9 40.6 
Test4 11.50 12.00 23.5 62.2 22.7 9.76 
Test5 11.60 11.80 8.1 66.5 37.3 47.5 
Test6 11.70 11.85 13.1 84.7 24.8 28.1 
Test7 11.85 11.90 19.8 70.5 18.3 9.61 
 
 
All tests conducted were to determine the optimum pH condition, which can effectively depress 
pyrite while maintaining optimum recovery of copper at good copper grade.  
However, at pH 11.8 in the first cleaner and pH 11.9 in the second cleaner, an acceptable result was 
observed (Test 7). A final copper recovery of 70.5% at 19.8 % Cu grade is acceptable and 
considered optimal for the pH condition tested. The sulphur recovery to the copper concentrate was 
9.6%, which is also within the expected limit. Figure 6.7 shows the elevated pH performance in the 
cleaning circuit. 
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       Figure 6.7: Copper circuit performance for copper and sulphur (cleaner test 7) 
 
6.6.2 Pyrite Steam Performance (with respect to rougher feed) 
 
In the pyrite recovery stream (cleaner 1 + cleaner 2 tailings), it was aimed to increase the recovery 
of pyrite and minimize the level of copper in that stream. Figure 6.8 shows the recovery of sulphur 
in the pyrite stream at pH 11.85 and 11.90 in cleaner 1 and cleaner 2.  
 
 
 
Figure 6.8: Metallurgical performance of the pyrite stream for copper and sulphur (cleaner 
test 7)  
10
15
20
25
30
0 20 40 60 80 100
%
 
G
ra
de
% Recovery/Losses
Copper
Sulphur
0
10
20
30
40
50
0 20 40 60 80 100
%
 
G
ra
de
% Recovery/Losses
Copper
Sulphur
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
110 
 
The result shows that about 80% of the sulphur was recovered in the pyrite stream at a grade of 
36% sulphur. It is also observed that about 20% of the copper was lost to cleaner 1 and cleaner 2 
combined tails, this may be attributed to unliberated composite particles that cannot be recovered in 
the copper stream. This explanation is not reasonable because > 95% of the chalcopyrite in the 
rougher feed was liberated. However, it can also be caused by the high pH flotation which leads to 
liberated chalcopyrite depression. The combined copper grade in this stream is about 1%. Table 6.7 
shows the detailed metallurgical test results for the different cleaning optimisation tests conducted.  
   
Table 6.7: Pyrite stream metallurgical results (for combined tailings) 
pH Pyrite Stream 
Cleaner1 Cleaner 2 
% S 
grade 
% S 
Recovery 
% Cu 
Grade 
% Cu 
Loses 
Test1 10.00 10.50 17.5 16.7 2.8 16.1 
Test2 10.50 11.00 21.7 22.5 1.1 7.1 
Test3 11.00 11.50 29.5 51.2 1.0 10.9 
Test4 11.50 12.00 30.4 82.5 1.7 28.6 
Test5 11.60 11.80 26.6 41.5 2.3 23.4 
Test6 11.70 11.85 32.2 63.8 0.7 8.3 
Test7 11.85 11.90 36.0 79.6 1.3 20.1 
 
 
6.7 Pyrite Depression with Sodium Cyanide (NaCN) Addition 
 
 
Three tests were conducted with sodium cyanide (NaCN) addition at pH values between 10.0-10.5 
in the first and second cleaning stages. Two tests were conducted as trials and a third test was 
conducted for comparison purposes.  The purpose of the third test was to compare the effects on 
metallurgy with the results from high pH pyrite depression tests discussed earlier. NaCN was used 
in these tests because it can also depress pyrite, and at the same time, Telfer is licenced to use 
NaCN at that site. The result of the tests is presented below Table 6.8. 
 
 
 
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
111 
 
Table 6.8: Copper and pyrite stream metallurgical results for tests with sodium cyanide 
addition for pyrite depression at pH 10-10.5(50 g/t NaCN with respect to cleaner feed) 
 
pH Copper Stream 
Cleaner 
1 
Cleaner 
2 
% Cu 
grade 
% Cu 
Recovery 
%  S 
Grade 
% S 
Recovery 
Test1 10.0 10.5 26.2 62.7 20.0 7.2 
Test2 10.0 10.0 11.9 74.9 24.4 25.5 
Test3 10.3 10.5 15.2 81.2 19.9 17.2 
   Pyrite Stream 
 
Cleaner 
1 
Cleaner 
2 
% Cu 
grade  
% Cu 
Loses 
%  S 
Grade 
% S 
Recovery 
Test1 10.0 10.5 1.9 28.3 36.9 80.4 
Test2 10.0 10.0 1.1 10.0 36.5 53.8 
Test3 10.3 10.5 0.9 11.8 34.9 73.7 
 
The result of the third test (Test 3) shows that copper recovery was 81% with a grade of 15% 
copper in the copper stream. However, in the pyrite stream, total sulphur recovery was 74% at 35% 
sulphur grade. The copper loss to the pyrite stream was 12% at 0.9% grade, which is better than the 
20% Cu losses at 1.3 % grade in the elevated pH cleaning (Test 7). The cyanide addition test result 
is similar to the sequential testing results (see section 6.9) but requires more tests to confirm the 
result in a future phase of testing. 
6.8 Sequential Flotation 
 
To compare the bulk flotation circuit results with the sequential flotation technique, several 
sequential flotation tests were conducted for the same ore sample. The sequential tests were 
conducted at both Perth (Ammtec Laboratory) and Brisbane (JKMRC Laboratory). The results are 
presented in Figures 6.9 and 6.10.  
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Figure 6.9: Grade-recovery curves for copper in the sequential flotation circuit for tests performed 
at Ammtec in Perth by the author and at the JKMRC in Brisbane  
 
 
Figure 6.9 shows an average copper recovery of 85% at 15-20% final copper grade in the copper 
stream for both Perth and Brisbane tests.  In the pyrite circuit, 8% of the copper was misplaced to 
the copper cleaner tails which assayed 0.8% copper (for both the Perth and Brisbane tests). The idea 
was to minimize the amount of copper recovery in the pyrite stream as the copper minerals (esp. CN 
soluble Cu) can consume a portion of the cyanide which is used for gold leaching in gold recovery 
plants for the pyrite concentrate.  
 
The positions of the copper grade-recovery curves for the concentrate and the pyrite product are 
quite similar for the tests at the two laboratories. Hence, the results of tests performed with the 
sequential circuit at the JKMRC can be compared with the results from the bulk circuit, also 
conducted at the JKMRC in spite of using different equipment (bottom driven cell in Brisbane and 
top driven Denver cell in Perth, see Chapter 3). The water chemistry may be different in Brisbane 
and Perth. However, the results in the two locations were similar, suggesting that this variable was 
not important. 
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 Figure 6.10: Grade-recovery curves for sulphur in the sequential flotation circuit for tests 
performed at Ammtec in Perth by the author and at the JKMRC in Brisbane  
 
The total sulphur recovery in the pyrite treatment circuit was approximately 73% at 42% grade (for 
the Perth and Brisbane tests). In the copper treatment circuit, the total sulphur recovery was 
approximately 16-18 % at 15-20 % grade.  
 
The gold recovery in the copper flotation circuit was approximately 60% at 35 g/t for both the Perth 
and Brisbane tests.  In the pyrite treatment circuit the gold recovery was approximately 32% at 10 
g/t. The total circuit gold recovery was 92%.  
6.9 Sequential (Brisbane Tests) Versus Bulk (Brisbane Tests) Circuit Comparison  
 
The Brisbane sequential circuit tests (standard tests using high pyrite ore) and the Brisbane bulk 
circuit tests (with a range of conditions using the same high pyrite ore) were compared with 
emphasis on the grade-recovery and selectivity curve position of the minerals. Figures 6.11 and 
6.12 show the grade-recovery and selectivity curve position for the Brisbane sequential vs bulk 
circuit tests. It was not possible to plot the rougher data for the sequential circuit because the cleaner 
tail assay was not available for back-calculation, since the cleaner tail was combined with the 
rougher tail during the test. However, it was still possible to compare the performance for the 
concentrates from each circuit because of their known weights and assays.   
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Figure 6.11: Copper grade-recovery curve (a), pyrite-copper selectivity curve (b) and NSG-copper 
selectivity curve (c) in the sequential and bulk flotation circuits with respect to rougher feed for 
tests performed at Brisbane (BNE) JKMRC laboratory (P80 bulk circuit = 85 µm, P80 sequential 
circuit = 106 µm) 
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To compare the selectivity curves, it was necessary to assume a composition for the copper 
sulphides because of a sulphur deficit in the element to mineral conversions for some streams in the 
cleaner section. It was assumed that the copper sulphide was CuFeSx, where x =1.6, after inspection 
of the data. For the sample submitted to the MLA and the number of readings taken, there were no 
observations of minerals such as bornite or chalcocite. Hence, an assumption was required. 
 
Figure 6.11 shows the performance of the Brisbane bulk circuit tests (with lime and cyanide) and 
the performance of the Brisbane sequential tests. The relationship between the curves for the bulk 
and the sequential techniques indicates that the position of the band of grade-recovery curves for the 
bulk circuit sits in an inferior position. This relationship is further elaborated statistically in section 
6.9.1 where the result for one test (test 7) is compared with the result for the sequential circuit for 
both the copper product and the pyrite product. From the selectivity curves, the sequential circuit 
was superior, particularly for pyrite rejection. 
 
However, during rougher flotation the metallurgical performance is nominally the same (or better) 
when employing the bulk flotation approach (Figure 5.12).  When considering cleaner flotation 
there are significant differences.  That is, the averaged final copper recoveries for the bulk circuit 
was 70% at 20% copper grade (Figure 6.11a). In the sequential circuit, the averaged final copper 
recovery was 82 % at a grade of 20% copper (Figure 6.11a). It is understood that the performance 
of the bulk circuit can be improved by circuit modification. This can be done by detailed 
metallurgical assessment of the dilution cleaner tail and pyrite stream (cleaner tails) for possible 
alternatives to improve copper recovery. It was noted that in the dilution cleaner tail, 3-6% of the 
copper was lost and 12-20% of the copper was lost in the pyrite stream (Figures 6.4 and 6.12b).  
 
When comparing the grade-recovery curve positions of sulphur for the two types of tests in the 
pyrite products, the results are closer to each other (Figure 6.12a) but the bulk circuit is inferior. The 
total recovery of sulphur in the bulk tests in the pyrite stream was 80% at a grade of 36% sulphur. 
The results for the sequential tests show that the sulphur recovery was 83% at a grade of 36% 
sulphur.  
 
Further, the sequential circuit produced slightly higher recoveries and improved selectivity against 
non-sulphide gangue.   
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Figure 6.12: Sulphur grade-recovery curve (a), copper-sulphur selectivity curve (b) and NSG-
sulphur selectivity curve (c) in the sequential and bulk flotation circuits with respect to rougher feed 
for tests performed at Brisbane (BNE) JKMRC laboratory (P80 bulk circuit = 85 µm, P80 sequential 
circuit = 106 µm) 
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All bulk circuit tests discussed earlier were conducted at a P80 of 85 microns, while sequential 
circuit tests were conducted at a P80 of 106 microns. However, to compare further the metallurgical 
performance for the two circuits, two of the bulk circuit tests were conducted at a P80 of 106 
microns. The results of the bulk circuit tests at a P80 of 106 microns are presented in Figures 6.13 
and 6.14. 
 
 
 
Figure 6.13: Copper grade-recovery curves (a), copper-pyrite selectivity curves (b) and copper-
NSG selectivity curves (c) for bulk and sequential flotation circuits at a P80 of 106 microns for both 
circuits at the Brisbane JKMRC laboratory 
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Figure 6.14: Sulphur grade-recovery curves (a), copper losses - sulphur selectivity curves (b) and 
sulphur-NSG selectivity curves (c) for bulk and sequential flotation circuits at a P80 of 106 microns 
for both circuits at the Brisbane JKMRC laboratory 
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microns for the bulk circuit tests.  The copper recovery for the bulk circuit at a P80 of 106 microns 
was 65% at a grade of 20% copper. It can be noted that the cleaner portions of the copper grade-
recovery curves were generated in a higher grade/lower recovery region of the full copper grade-
recovery curve than in Figure 6.11. The sulphur recovery in the pyrite stream was approximately 
80% at a grade of 36% sulphur. From this result, it is concluded that the effect of a small change in 
the P80 value was negligible as the main minerals particles were largely liberated at both P80 values. 
Therefore, the results obtained at a P80 of 85 microns in the bulk circuit tests (since most bulk 
circuit tests were conducted at P80 of 85 microns) can be used to compare with the results obtained 
from the sequential circuit tests.  
 
The bulk (at P80 of 85 microns) and sequential circuit copper and sulphur results are explored 
statistically in section 6.9.1.  Hence, the copper products (Figure 6.11) and sulphur products (Figure 
6.12) provide the most meaningful comparison basis. 
 
6.9.1 Comparison of the Grade-Recovery Curve Using Statistical Methods  
 
This analysis is now extended to determine the position of the grade-recovery curve for each 
selected test in section 6.9 to compare the curves from the two different methods (Bulk and 
Sequential) by statistical analysis. Grade-recovery curves are widely used to measure the 
performance of flotation systems. They describe the trade-off between recovery and concentrate 
grade for a particular sample, based on taking concentrates over time intervals in a batch flotation 
test. The data can be expressed as cumulative concentrate grade vs cumulative recovery as 
discussed earlier. Every grade-recovery curve has experimental uncertainty associated with it, due 
to the usual errors in sampling, assaying, and the test procedure itself, and therefore curves need to 
be compared on a statistically rigorous basis to determine if they are really different (Napier - 
Munn, 2012). 
 
To compare the grade-recovery curves obtained from the two test methods, Bruey’s 
parameterisation of Vera’s hyperbolic sine function (Equation 6.1) was used. A model was fitted to 
each selected curve and comparison made was between the three model parameters obtained for 
each test and for the fitted curve as a whole. In this case concentrate grade is expressed as the 
enrichment ratio (ER = concentrate grade divided by feed grade) to normalise any interfering effects 
of varying feed grade.  
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Where Rmax, c and ER50 are parameters estimated from non-linear least squares fitting (using 
Solver in Excel). Rmax can be interpreted as the maximum recovery of the valuable component, 
ER50 is the value of cumulative ER for which the cumulative recovery is 50%, c describes the 
shape of the curve (how curved it is, c = 0 being a straight line) (Napier - Munn, 2012, 2010; Vera 
et al., 2000) and R is the predicted recovery. 
 
Below (Table 6.9) are the parameters obtained using the Bruey’s parameterisation of Vera’s 
hyperbolic sine function (Equation 6.1) for the case of the selected copper grade - recovery curves 
in Figure 6.11 (Test 7 and the averaged position of the two sequential results (Brisbane)). Similar 
approaches were undertaken for the case of the selected sulphur-grade recovery curves in Figure 
6.12 (Test 7 and the averaged position of the two sequential results (Brisbane)). The statistical 
results are shown in Tables 6.9, 6.10 and 6.11. 
 
Table 6.9: Parameters obtained for the bulk and sequential circuit tests using Bruey’s 
equation and the two separate parameters were combined to obtain one data set (global fit) 
for copper in Figure 6.11. The equivalent tables of parameters for the comparisons for 
Figures 6.12 is not shown here but were obtained using the same method.    
*Parameter Values  
Bulk Test 
*Parameter Values  
Sequential Test Global Fit 
Rmax  72.7 Rmax  96.4 Rmax 88.7 
Curvature   20.1 Curvature  9.5 Curvature  13.2 
G50  7.5 G50  40.3 G50  15.1 
SS  2.1 SS   2.0 SS  51.7 
SE  0.8 SE  0.8 SE  4.2 
   
          * Parameter values in equation 6.1 from Bruey.  
 
 
This was done by applying the ‘extra sum of squares’ principle. This compares the total sum of 
squares for the separate fits of the two data sets (bulk and sequential data sets obtained by using the 
Bruey’s parameterisation of Vera’s hyperbolic sine function) with that obtained by fitting the same 
model to a combined data set (the so-called global fit). The null hypothesis is that there is no 
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significant reduction in the sum of squares using two fits compared to the global fit. The alternative 
hypothesis is that there is a significant reduction in sum of squares, and that the data are better 
represented by separate fits, which implies that the fitted curves are indeed different. The hypothesis 
is evaluated with an F-test. The calculations are shown in Tables 6.10 and 6.11. The global fit has 
only three parameters whereas the fit to the two separate data sets has six, three for each model. The 
degrees of freedom (DF) are the number of data sets minus the number of parameters. The sum of 
squares (SS) are calculated in the course of using Solver. The significance of F is determined from 
Excel using the degrees of freedom for both fits (3 degrees of freedom for the global fit and 6 
degrees of freedom for the two fits).  The results with P-values of 0.001 (copper) and 0.0003 
(sulphur) allows us to reject the null-hypothesis with great confidence (99.89% and 99.97% 
respectively) and they indicate that the two curves for both copper and sulphur are indeed different. 
 
Table 6.10: Statistical analysis for copper results (for Figure 6.11) for the bulk and sequential 
circuit curves using extra sum of squares (at P80 of 85 µm for bulk circuit and P80 of 106 µm for 
sequential circuit) 
 
Model N SS DF MS F P Confidence % 
Global fit 6 51.7 3 17.2 - - - 
Two fits 6 4.1 6 0.7 - - - 
Difference (1-2) - 47.6 3 15.9 22.9 0.0011 99.89 
 
N= No of data sets, SS= sum of squares, DF=Degree of freedom, MS= mean of SS, F = variance 
 
Table 6.11: Statistical analysis for sulphur results (for Figure 6.12) for the bulk and sequential 
circuit curves using extra sum of squares (at P80 of 85 µm for bulk circuit and P80 of 106 µm for 
sequential circuit) 
 
Model N SS DF MS F P Confidence % 
Global fit 6 32.6 3 10.9 - - - 
Two fits 6 1.6 6 0.3 - - - 
Difference (1-2) - 31.0 3 10.3 38.3 0.00026 99.97 
 
N= No of data sets, SS= sum of squares, DF=Degree of freedom, MS= mean of SS, F = variance 
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6.10 Robustness Tests Results 
 
As mentioned in Chapter 4 (Section 4.4.9) of this thesis, the purpose of the robustness testing was 
to evaluate the metallurgical performance of the bulk circuit when copper activated pyrite is 
present. It is known that, at reducing conditions in the mill, Cu+ ions can activate pyrite, which can 
be floated together with copper minerals in the copper flotation circuit. When copper activated 
pyrite is present, it may be difficult to depress the pyrite in the cleaning stage when lime is used as a 
depressant. To determine the behaviour of copper activated pyrite in the cleaning stage, several 
robustness tests were conducted by deliberately activating the pyrite with copper sulphate at 
conditions more reducing than normal in the mill. The reducing environment was created in the 
grinding mill by purging both the water and mill by nitrogen gas to displace oxygen. Iron powder (8 
gram) was also added in the mill, which brought the Eh as low as +44 mV to +19 mV SHE (Table 
6.12). This has reduced the Eh in the mill by 220 mV to 306 mV SHE from the normal Eh to a more 
reducing condition. The results of these flotation tests are presented in Table 6.12 and Figure 6.15. 
 
Table 6.12: Rougher metallurgical results for the robustness tests 
  
Test 
Conditions Results 
pH 
Eh** 
SHE 
(mV) 
PAX 
g/t 
RTD11A 
g/t 
Fe 
powder 
(g) 
CuSO4 
g/t 
Copper (%) Sulphur (%) 
Grade Recovery Grade Recovery 
1 7.9 74 5.0 2.5 8 50 4.4 92.5 29.0 88.6 
2 7.9 44 10.0 5.0 8 50 3.7 95.2 23.0 95.7 
3 7.9 64 20.0 10.0 8 50 3.6 96.6 24.0 97.5 
4* 7.9 19 10.0 5.0 8 50 3.5 94.5 21.0 93.3  
 
** Eh for mill upon opening after grinding 
* Tests 1-3 were conducted to establish a reducing condition in the grinding circuit and to restore the bulk 
rougher recovery values for copper and sulphur as the means used to create more reducing conditions in the 
mill decreased the recovery of chalcopyrite and pyrite, necessitating the use of higher collector additions in 
bulk roughing. Only bulk rougher concentrates were collected and analysed for tests 1-3 while test 4 was 
conducted as a full scale test (includes cleaning) after observing the results from tests 1-3. The Eh values 
shown are for the mill, flotation was done at Eh between 359 mV and 364 mV SHE). 
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 Figure 6.15: Effect of copper activated pyrite in separation of pyrite from chalcopyrite at      
elevated pH cleaning (Test 4 final results). 
 
It was observed (Figure 6.15) that more pyrite was recovered together with the copper mineral in 
the copper concentrate (after one stage of dilution cleaning and two stages of cleaning at elevated 
pH). This indicates that when copper activated pyrite is present, it cannot be depressed at the pH 
range of 11.8-11.9 with lime alone in the cleaning circuit. The final copper recovery was 75% 
which is similar to the results in the elevated pH cleaning section (discussed earlier). The copper 
concentrate grade was reduced to 8% due to the contamination caused by the recovery of pyrite 
activated by copper ions. In the presence of copper activated pyrite and using elevated pH for pyrite 
depression, the recovery of sulphur (pyrite) was 52% at a grade of 50% sulphur (Figure 6.15).  
 
The literature indicates that cyanide can be used for depression of pyrite activated by copper ions 
(Milena, 2011). Further robustness tests could be designed to examine this aspect. 
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6.11  Summary 
 
Based on the results from the bulk cleaning tests, the main findings were as follows: 
• About half of non-sulphide gangue (NSG) recovered in the rougher circuit was removed in 
dilution cleaner step. Cu and S losses to the dilution cleaner tailing were 3-6%.  
 
• About 60-70% of the pyrite in the 1st cleaner circuit can be depressed at pH between 11.8-
11.90. 1st cleaner section recoveries for Cu were above 90%. 
 
• In the 2nd cleaner, at pH above 11.8, section Cu recovery dropped below 90%, which 
indicates chalcopyrite depression was commencing. 
 
• The addition of sodium cyanide at pH 10.3 (1st cleaner) and 10.5 (2nd cleaner) gave 82% 
copper recovery (Table 6.8 – Test 3) at a grade of 15% copper. The sulphur recovery in the 
pyrite stream was 74% at 36% sulphur grade (Table 6.8 – Test 3). These results showed that 
cyanide is an alternative depressant for the bulk circuit. 
 
• When comparing bulk and sequential flotation results, bulk flotation gave a Cu recovery of 
70% at grade of 20% copper. In the pyrite stream (elevated pH cleaner 1+2 tails), sulphur 
recovery was approximately 80% at 36% S grade. Approximately 12-20% of the Cu was lost 
to the pyrite stream at Cu grades between 0.9-1.2%. Sequential circuit Cu recovery was 82% 
at a Cu grade of 20%. Sulphur recovery in the pyrite stream was 83% at a grade of 36%. 
 
• Overall, pyrite has been effectively depressed at high pH (11.8-11.9) by lime resulting in 
separation of pyrite and chalcopyrite.  
 
• The robustness tests indicate that copper activated pyrite cannot be efficiently depressed in 
the cleaning stage by lime at high pH. Cyanide is expected to be a suitable depressant from 
the literature (not tested in this work with copper activated pyrite). For a better separation of 
pyrite from chalcopyrite under plant conditions, the grinding conditions should be well 
controlled to avoid somewhat reducing conditions and copper activation of pyrite. 
 
• There is a considerable scope for improvement in the positions of the grade-recovery curve 
for the copper product and for the pyrite product by addition of an extra step or steps in the 
bulk circuit (see section 7.3) 
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The main aim of this chapter was to compare the position of the grade-recovery curves for the 
copper and pyrite products from the two types of circuit. In general, the band of results for the bulk 
circuit was in an inferior position. The band of results arose from the range of conditions employed 
in the tests on the bulk circuit. The statistical comparison of the single bulk test with the most 
suitable conditions with the result from the sequential tests conducted in Brisbane showed that the 
two results were different (details in section 6.9.1). 
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CHAPTER 7 - CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 Overview  
 
The aim of this project was to develop an alternative method to treat high pyrite ores in copper-gold 
ore treatment based on laboratory batch flotation tests. The project was divided into three main 
sections as a research project to characterise the metallurgical performance of the ore using an 
alternative method (bulk flotation). Firstly, mineralogical characterisation was performed using 
MLA and XRD. Secondly bulk roughing flotation tests were performed. Finally elevated pH 
cleaning tests were conducted. The major findings in the mineralogical and metallurgical 
assessments are outlined in the following section. 
 
The idea for this research came as a result of a common problem (high reagent consumption) 
associated with the current sequential (copper selective) method used in this type of ore treatment. 
A review on the processing of high pyrite feed ore by the sequential method showed that lime is 
commonly used to depress pyrite to produce acceptable copper grades. The depressed pyrite is 
further reactivated by PAX and is floated after the copper circuit to recover the gold associated with 
the pyrite. As a result of the high amount of lime applied in the copper circuit the cost is substantial. 
The aim of this work was to see if bulk flotation of high pyrite gold bearing ores at natural pH is as 
good as a sequential circuit.  
 
The operating costs of a sequential circuit for lime and other reagents are often high (Seaman and 
Manton, 2010). These authors estimated the annual operating cost savings from conversion from a 
sequential circuit to a bulk circuit, resulting in lower reagent consumption. For example, in the 
Telfer circuit, the operating cost saving for lime, Na2S, NaCN and PAX was Au$9.55 million/year. 
The majority of this total cost saving was from lime (Au$6.2m per year) (Seaman and Manton, 
2010). Considering capital cost for a new plant, a bulk circuit requires a single bank of rougher cells 
while a sequential circuit could require twice as much installed capacity of rougher cells. 
 
To address this issue, first a high pyrite copper-gold ore from Telfer underground was selected, 
which is similar to the ores found in Papua New Guinea and Indonesia (porphyry type ore deposits). 
Detailed chemical, mineralogical and liberation characterisation of the ore (laboratory mill feed and 
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product) were performed on unsized, size-by-size and size by liberation bases. A comprehensive 
suite of analytical techniques such as fire-assay, inductively coupled plasma atomic emission 
spectroscopy (ICP-AES), X-ray Diffraction (XRD), and Mineral Liberation Analysis (MLA) was 
used to understand the distribution of minerals in the ore sample. In the mineralogical 
characterisation studies, the composition of sulphides and non-sulphide gangue (NSG), mineral 
association, grain size distributions, liberation of sulphides (pyrite & chalcopyrite) and NSG, and 
the locking characteristics of pyrite, chalcopyrite and non-sulphide gangue were investigated.  
 
In the next stage, bulk flotation was performed at natural pH to evaluate the metallurgical response 
of the ore sample. Flotation recoveries obtained were as expected (above 90%) for both 
chalcopyrite and pyrite. 
 
Finally, after a dilution cleaning stage, elevated pH cleaning experiments were done, which leads to 
a very important conclusion of this thesis. The separation of pyrite and chalcopyrite, and the 
comparison of the position of the grade-recovery curves of the sequential and bulk flotation 
techniques were the main focus in the cleaning experiments. Chalcopyrite was separated from pyrite 
by depressing pyrite at high pH (11.8-11.9). Several sequential flotation tests were also conducted 
to compare with bulk flotation results. The grade-recovery curve position of these two techniques 
was found to be different as shown in chapter six of this thesis.  
7.2 Major Findings 
 
The hypotheses of this work were:  
1) Evaluation of non-sulphide gangue liberation (target NSG liberation level > 90%) at a wide range 
of P80 sizes for the rougher feed with evaluation of the liberation of chalcopyrite and pyrite will 
indicate that a much coarser sizing is possible for a bulk rougher circuit (and also a sequential 
circuit) from using a predictive method based on liberation data. Hypothesis one was found to be 
true. 
 
 2) Bulk roughing will give the same or improved copper and pyrite recovery compared to a 
sequential circuit (two stages of roughing). Hypothesis two was found to be true. 
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3) Optimising cleaning circuit conditions (by increasing pH with lime) will effectively depress 
pyrite, and still maintain the same grade-recovery curve position of copper/pyrite as in sequential 
flotation. For hypothesis three, it was found that lime could depress the pyrite in cleaning; it was 
found by observation that grade-recovery curve positions for the two products in the bulk circuit 
were in a band below those for the sequential circuit. It was also found by statistical comparison of 
grade-recovery curve position that the two results were different for both copper and pyrite 
products. 
 
Sections 7.2.1, 7.2.2 and 7.2.3 outline the general findings for chemical and mineralogical 
assessment, bulk sulphide rougher flotation and bulk rougher concentrate cleaning. 
7.2.1 Chemical and Mineralogical Characterisation 
 
Detailed mineralogical and chemical characterisation studies are important for design of a plant and 
also to diagnose problems and devise strategies to increase metallurgical efficiency. The chemical 
and mineralogical assessment of this ore showed the following: 
 
• Head grades (major elements) were Cu (0.33%), Au (1 g/t), S (2.5%) and Fe (3.3%). Very 
low head grades were measured, which resulted in selection of 5 L flotation cell and 2 kg 
sample mass for the flotation experiments to have enough concentrate for cleaning flotation.  
 
• Major copper bearing mineral present in the ore sample was chalcopyrite as measured by 
MLA. Other copper minerals were not detected by this technique. Copper recovery in the 
rougher was expected to be above 90% due to the fact that the ore was not complex (i.e. 
without secondary copper minerals as well as other copper sulphides, which require an 
expensive treatment).  
 
• Major gold bearing minerals were pyrite and chalcopyrite (chalcopyrite carries less gold 
than pyrite). This finding is based on a limited number of observations but is similar to other 
observations on other samples of Telfer ore (Wightman, 2012). Flotation recovery of gold 
depends on the recovery of chalcopyrite and pyrite. For this case, it is estimated to be above 
90%, since chalcopyrite and pyrite are well liberated (>90%) at the P80 of the flotation feed. 
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• Major non sulphide gangue minerals were quartz, amphibole, albite and dolomite. The 
predominant NSG minerals, quartz and albite, have no negative properties in flotation. 
Therefore, it was assumed that NSG would have minor effect on the flotation recovery. 
 
• Liberation levels of pyrite, chalcopyrite and NSG for the laboratory mill feed were far better 
than expected from measurement in the liberation class of 95-100%, 100% (and also in the 
class 100% alone). At a coarse size fraction (-3350+2000 µm), chalcopyrite was poorly 
liberated (0.8%) in the laboratory mill feed whereas pyrite and NSG were above 80% (95-
100%, 100% liberation basis). This shows that pyrite and NSG have a larger grain size than 
chalcopyrite. Direct measurement of the grain size of the chalcopyrite, pyrite and NSG 
confirmed that pyrite and NSG have a larger grain size than chalcopyrite. 
 
• Liberation analysis of the mill product indicates that a measured liberation level (for each 
size fraction) at a particular P80 size can be used to predict the liberation levels at other P80 
values having measured their respective mineral distribution data. A strong agreement was 
observed in a verification step when comparing a measured and a predicted liberation level 
at a P80 of 85 microns, using the liberation levels measured on each size fraction at a P80 of 
430 microns.  
 
• Mill product liberation evaluation tests also show that the liberation levels for all P80 values 
are high (above 90%), which indicate a possibility of coarse grinding (to minimize energy 
consumption) in the grinding circuit. Flotation recovery for the chalcopyrite and pyrite were 
expected to be above 90% in the rougher for P80 values for the rougher feed in the region 85-
106 microns. 
 
• The liberation characterization (mineral association data supported the locking 
characteristics of chalcopyrite, pyrite and NSG in the liberation data) of the mill feed in the 
size fraction of -150+106 microns shows that the majority of the unliberated chalcopyrite 
(9.4%) and unliberated pyrite (7.4%) was interlocked with gangue in binary form. Only 
2.2% of chalcopyrite was found to be locked in binaries with pyrite and 1.6% of pyrite was 
in binaries with chalcopyrite. Only a minor percentage of the chalcopyrite existed in 
multiphase particles. Hence, chalcopyrite/pyrite binaries which are very suited to recovery 
in a bulk rougher are not an importance in the -150+106 µm fraction. 
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7.2.2  Bulk Sulphide Flotation 
 
Based on the results from the bulk roughing flotation, the main findings were as follows: 
• The metallurgical response of the ore sample was as expected (from mineralogy). A copper 
recovery of 96% and a sulphur recovery of 94% with 3% copper and 22% sulphur grades 
were achieved at high reagent addition rate (20 g/t RTD11A and 80 g/t PAX). 
 
• pH series tests also indicated that at pH from 5-8, there were no large effects on the flotation 
recovery of copper and sulphur. As the pH decreases, the flotation kinetics change but final 
recovery for both copper and sulphur was above 94%.  
 
• At a low collector level of 2.5 g/t RTD11A and 5 g/t PAX an optimum metallurgical result 
was achieved.  A copper recovery of 95% and a sulphur recovery of 94% were achieved at 
these low levels of collector. 
 
• The metallurgical performance (position of the grade-recovery curves) of pyrite in the bulk 
roughing was affected by low collector additions. 
 
• Experimental design tests indicate that neither PAX, RTD11A nor pH have an effect on the 
grade of chalcopyrite at 90% recovery of chalcopyrite at 95% confidence level. The two 
significant primary effects on pyrite grade at 90% recovery of pyrite at 95% confidence limit 
were RTD11A and pH; the significant interaction effects were the RTD11A*pH and 
RTD11A*PAX interactions.  
 
• The total % NSG recovered to the rougher concentrate was 4% with respect to the rougher 
feed. It was observed that the recovery of NSG was due to entrainment as particles were 
well liberated (>95% liberation i.e. for pyrite, chalcopyrite and NSG) at the P80 of the 
rougher feed. Therefore, dilution cleaning of the rougher concentrate will be important to 
reject the liberated non-sulphide gangue.  
7.2.3  Bulk Rougher Concentrate Cleaning 
 
The first stage of cleaning was the dilution cleaning. It was purposely done to remove liberated non-
sulphide gangue which was reporting to the rougher concentrate. The masses of pyrite and NSG in 
the bulk rougher concentrate were approximately the same. The NSG (largely liberated) represented 
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approximately 4% of the mass in the rougher feed (section 6.3) and the pyrite (nearly all removed in 
the bulk rougher concentrate) also represented 4% of the mass in the feed. Hence, the quality of the 
pyrite concentrate and the position of its grade-recovery curve was determined by the extent of 
removal of NSG to the dilution cleaner tailing. It was found that: 
 
• 50% of NSG (with respect to dilution cleaner feed) was removed (to dilution cleaner tailing) 
in this circuit when the % solid value in the pulp was 14-15% by weight.  
 
• The copper and sulphur losses to the dilution cleaner tails were approximately 3-6%. The 
following comments are made on dilution cleaning which also occurred in the high pH 
cleaning stages: 
 
- 50% of NSG (with respect to the feed of the 1st cleaner (high pH) stage) reported to the 
1st cleaner tailing along with the pyrite (no separation of NSG from pyrite) 
 
- Further, 50% of NSG (with respect to the feed of the 2nd cleaner (high pH) stage) 
reported to the 2nd cleaner tailing along with pyrite (no separation of NSG from pyrite). 
 
 
The second stage of cleaning was the elevated pH cleaning steps, which comprised 1st and 2nd 
stages of elevated pH cleaning. The aim of the elevated pH cleaning was to depress the pyrite as a 
way of separating it from copper minerals. It was found that, at pH above 11.5, the recovery of 
sulphur began to drop, which indicated pyrite depression. The main findings in the elevated pH 
cleaning sections were as follows: 
 
• About 60-70% of pyrite in the cleaner circuit was depressed at pH between 11.8-11.9. First 
(1st) cleaner section recovery for Cu was above 90%. 
 
• In the second (2nd) cleaner, at pH above 11.8, section Cu recovery dropped below 90%, 
which indicated the commencement of copper sulphide (chalcopyrite) depression. 
 
• The addition of sodium cyanide at pH 10.0 and 10.5 shows that this depressant (50 g/t 
NaCN added to high pH cleaner feed) was effective. 
 
• The bulk flotation results showed a final Cu recovery of 70% at a grade of 20% copper. In 
the pyrite stream (elevated pH cleaner 1+2 tails), S recovery was 80% at a grade of 36% 
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sulphur. Approximately 12 - 20% of Cu was lost to the pyrite stream at Cu grades between 
0.9 - 1.2%. Some diagnostic mineralogy seems warranted (at cleaner 1+2 tails) to identify 
the copper losses even though the MLA data indicated that a good proportion of this be 
highly liberated. On the other hand, the sequential method final Cu recovery was 82% at a 
grade of 20% copper. Sulphur recovery in the pyrite stream was 83% at a grade of 36% 
sulphur. 
 
Overall, pyrite has been effectively depressed at high pH (11.8-11.9) by lime resulting in separation 
of pyrite and copper sulphides (chalcopyrite).  
7.2.4 Robustness Tests 
 
The robustness test was conducted to see the performance of the bulk circuit when copper activated 
pyrite is present in the pulp due to its deliberate activation in the experiment. The result obtained 
shows that: 
 
• More pyrite was recovered together with the copper mineral in the copper concentrate (after 
one stage of dilution cleaning and two stages of cleaning at elevated pH). This indicates that 
when copper activated pyrite is present, it cannot be depressed at the pH range of 11.8-11.9 
with lime alone in the cleaning circuit. The final copper recovery was 75% which is similar 
to the results in the elevated pH cleaning section. It was also found that the copper 
concentrate grade was reduced to 8% due to the contamination caused by the recovery of 
pyrite activated by copper ions.  
 
If the pyrite was activated by copper ions due to their presence in a real ore, it is recommended that 
cyanide should be used to assist depression of the pyrite in the cleaners. 
7.3 Recommendations for Improvements to Bulk Circuit in Future Work 
 
The following work is recommended for future research to improve the position of the grade-
recovery curves for the bulk circuit, if required.  
 
• Further assessment of the final copper concentrate to improve the copper grade by 
improving the grade-recovery curve position of the bulk approach. This may be done by 
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testing a further (3rd) cleaning step at elevated pH. It can be noted that the sequential circuit 
has three stages with elevated pH flotation (rougher, first cleaner and second cleaner) while, 
in the tests in this thesis with the bulk circuit, there were two stages (first cleaner and second 
cleaner) of flotation with an elevated pH.  
 
• The position of the grade-recovery curve for the pyrite product can be improved by 
additional removal of non-sulphide gangue from the pyrite product. The following options 
for this can be recognised: 
 
- Use of two stages of dilution cleaning 
 
- Use of a lower % solid value in a single dilution cleaning stage 
 
- Use of a single stage of cleaning employing froth washing (equivalent to between 
two and three stages of dilution cleaning in conventional cells)  
 
- Use of one or more dilution cleaning stages on the pyrite product (combined tailing 
from each high pH cleaning stage).  
 
 
Because of the orderly pattern of behaviour for the recovery of non-sulphide gangue (the recovery 
of NSG in the feed of each stage of flotation decreases by half) in these tests, calculation methods 
can be employed to investigate initially the first three options for improving the grade-recovery 
curve for the pyrite product. For the fourth option, investigation of non-sulphide gangue separation 
from pyrite in the available sequential circuit data (pyrite roughing and cleaning) may be fruitful, as 
pyrite and non-sulphide gangue are the main minerals present. 
 
Investigation of improvement of the position of the grade-recovery curve for the copper product can 
be done initially by calculation based methods but there is a greater need for test work in this case. 
The inclusion of staged reagent additions in the cleaning section may assist the addition of the extra 
cleaning stage discussed earlier in this section.  
 
It is expected that improvement of the position of the grade-recovery curves for both products from 
the bulk circuit can be demonstrated by such simple, routine methods. 
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APPENDICES  
 
 
Appendix A: Chemical and Mineralogical Characterization of the Ore Sample 
 
Appendix A1: Chemical Assays for Laboratory Feed by unsized and size-by-size Fractions 
 
 
Appendix A2: Mineralogical Characterisation Data from XRD 
 
 
 
 
 
 
 
ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a ME-ICP61a Au-AA25 ME-ICP61a ME-ICP61a Cu-AA05s
SAMPLE Ag As Bi Ca Co Cu Fe K Mg Mn Ni Pb Zn Au S Te Cu
DESCRIPTION ppm ppm ppm % ppm ppm % % % ppm ppm ppm ppm ppm % ppm %
+425 um 1 100 <20 3.57 60 1550 2.17 0.7 1.26 590 10 20 <20 0.64 1.41 <10 0.004
-425+300 um 2 270 <20 4.23 190 5460 4.98 0.6 1.45 690 50 30 30 1.64 4.38 <10 0.01
-300+212 um 2 330 <20 4.3 230 7140 5.89 0.6 1.47 710 60 40 40 1.99 5.4 <10 0.014
-212+150 um 3 380 <20 4.61 260 8580 6.7 0.6 1.55 750 80 50 50 2.35 6.25 <10 0.023
-150+106 um 4 420 20 4.85 290 9290 7.06 0.6 1.6 770 80 60 50 2.1 6.61 10 0.029
106+75 um 2 440 <20 5.04 310 9710 6.79 0.6 1.62 780 80 60 60 2.18 6.31 <10 0.032
-75+38 um 3 330 <20 5.24 250 8300 5.52 0.7 1.71 800 70 60 60 2.4 4.9 <10 0.031
-38 um 3 190 <20 5.82 130 5740 3.79 0.9 2.09 1020 50 80 80 1.19 2.24 <10 0.057
Bulk assay A 1 150 <20 4.25 100 3100 3.12 0.7 1.48 690 30 <20 20 1 2.31 <10 0.012
Bulk assay B 2 180 <20 4.21 110 3460 3.32 0.7 1.49 690 30 20 20 0.63 2.53 <10 0.011
Bulk assay C 3 170 <20 4.25 110 3540 3.45 0.7 1.51 690 30 20 20 1.35 2.67 <10 0.014
Minerals
bulk* +425 -425+300 -300+212 -212+150 -150+106 -106+75 -75+38 -38
quartz 38.9 38.7 38.3 36.9 39.6 39.8 42.3 40.0 34.6
albite 39.7 43.1 38.2 34.9 32.1 31.4 32.6 34.9 38.6
alkali feldspar 0.6 0.6 1.2 0.3 0.4 0.6 0.6 1.0
biotite 0.1 0.2 0.2 0.3 0.5 0.3 0.2 0.1 0.1
muscovite/illite 7.0 4.7 3.6 5.2 4.2 3.9 2.8 4.5 7.4
kaolinite 0.1
talc tr tr
dolomite 10.6 10.3 10.7 10.6 11.2 11.1 10.5 12.0 15.0
calcite 1.0 0.1 0.3 1.3 0.5 1.0 1.0 0.6 0.4
pyrite 2.0 2.3 6.9 9.5 10.5 10.7 9.0 7.0 2.5
chalcopyrite 0.1 0.4 1.0 1.0 1.2 1.0 0.9 0.3
gypsum tr 0.2
total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
Note: mineral abundances given as wt%.  "tr" = trace (<0.1%) - peak evident on scan but below Rietveld quantification level 
* unsized sample
Sample Descriptions (microns)
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Appendix A3: Calculation Method for Elemental to Mineral Assay Conversion 
 
A3.1: Elemental compositions of the predominant sulphide minerals in the ore sample 
 
Minerals Cu % S % Fe % Total % 
Chalcopyrite 34.6 34.9 30.5 100 
Pyrite - 53.4 46.6 100 
Non-sulphide gangue - - unknown 100 
 
 
Calculation of elemental compositions and their mineral assays are done as follows: 
  
Chalcopyrite (CuFeS2):  
   Element atomic weights: Cu – 63.546  
           S   − 32.065 
           Fe – 55.845 
3&&	445'(	6	78	'(	ℎ94:'5; = 1 ∗ 63.5461 ∗ 63.546 + 2 ∗ 32.065 + 1 ∗ 55.845 ∗ 100
= 34.62% 
3&&	445'(	6	F	'(	ℎ94:'5; = 2 ∗ 32.0651 ∗ 63.546 + 2 ∗ 32.065 + 1 ∗ 55.845 ∗ 100
= 34.93% 
 
3&&	445'(	6	H;	'(	ℎ94:'5; = 1 ∗ 55.8451 ∗ 63.546 + 2 ∗ 32.065 + 1 ∗ 55.845 ∗ 100
= 30.45% 
 
To calculate mineral assay from elemental data and mineral composition data, the equation is of the 
form: 
 
3'(;9	&&: = I9;;(5	&&:	6	&49; ∗ 100I9;;(5	&&:	6	'(;9 
 
 
From table 3.5, the elemental assays for Cu, S and Fe are 0.34%, 2.5% and 3.3% respectively. 
Therefore, mineral assays for chalcopyrite and pyrite are calculated as follows. 
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3'(;9	&&:	6	ℎ94:'5; = 0.34 ∗ 10034.62 = 0.98% 
 
Then calculate the assay of sulphur from chalcopyrite 
 
F894ℎ8F(5;(5	6	ℎ94:'5; = ℎ94:'5;	&&: ∗ &894ℎ8	&&:	6	ℎ94:'5;
= 0.98 ∗ 0.349 = 0.342	%	 
 
Iron assay cannot be used to calculate pyrite assay as Fe is frequently present in non-sulphide 
gangue minerals. Instead, the remaining sulphur was used to calculate pyrite assay (this assumes no 
other sulphide minerals are present).   
  
Calculating the amount of S due to the presence of pyrite: 
 
F894ℎ8F(5;(5	6	4:'5; = 559	F − F	(5;(5	6	ℎ94:'5; = 2.5 − 0.342
= 2.16	% 
J:'5;	&&:	6	&49; = 2.16 ∗ 10053.4 = 4.05	% 
 
 
From the mineralogical data available (Table 4.6) it is obvious that there are effectively no other 
sulphides present in the ore sample. It is possible to estimate the mineral assay of the non-sulphide 
gangue (NSG) after determining all the sulphides assays. The NSG assay of the ore sample is: 
 
%	KFL = 100 − 4:'5;	&&: − ℎ94:'5;	&&: 
	KFL = 100 − 4.05 − 0.98 = 94.97% 
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Appendix B:  Flotation Tests Conditions 
 
 
 
 
 
Summary of flotation Conditions
1. Bulk Roughing
Flotation Operating Parameters
Cell size (L): 5 Ore type: Sulphise (Cu-Au-pyrite)
Air f/rate (l/min): 7 Water source: Brisbane tap
Air pressure (kpa) 200 feed weight (g): 2000
Impeller speed (rpm): 1050 Rod Weight (Kg) 11.627
Cell % solids: 35 Mill % solids 65
Froth pull rate : 5 sec Target P80 (µm): 106
Flotation Time (min) 10 Grind Time (min): 28
Froth depth (cm): 1.5 Flotation Eh (mV) SHE 264-326
p H Natural of 7.9
Reagent Scheme
Reagents Type Addition Rate (g/t) Comments
PAX Xanthe 5 Pyrite collector - added in the cell
RTD11A Thionocarbamate 2.5 Cu collector - added in the mill
Frother (DFS004) Weak Orica frother -  glycol-type 10 Added in the cell
2. Dilution Cleaning
Flotation Operating Parameters for dilution cleaning - Rougher conditions were same as Bulk Roughing
Cell size (L): 1.5
Air f/rate (l/min): 3
Air pressure (kpa) 200
Impeller speed (rpm): 700
Cell % solids: 14-15
Froth pull rate : 5 sec
Froth depth (cm): 1.5
Flotation time (min) 8
pH 7.9
Reagent Scheme
Reagents Type Addition Rate (g/t) Comments
PAX Xanthe - No stage addition
RTD11A Thionocarbamate - No stage addition
Frother (DFS004) Weak Orica frother -  glycol-type - No stage addition
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3. Bulk Cleaning and pyrite depression
Flotation Operating Parameters for cleaning - Rougher conditions were same as Bulk Roughing
Cell size (L): 1.5 Flotation time  - Cleaner 1 (min) 6
Air f/rate (l/min): 2-3 Flotation time - Cleaner 2 (min) 4
Air pressure (kpa) 200
Impeller speed (rpm): 700
Cell % solids: 8
Froth pull rate : 5 sec
Froth depth (cm): 1.5
Cleaner 1 pH 11.8
Cleaner 2 pH 11.8-11.9
Reagent Scheme
Reagents Addition Rate (g/t) Comments
PAX Xanthe - No stage addition
RTD11A Thionocarbamate - No stage addition
Frother (DFS004) Weak Orica frother -  glycol-type - No stage addition
Depressant Hydrated lime As required Added to required pH
Type
4. Pyrite Depression by NaCN
Flotation Operating Parameters for cleaning - Rougher conditions were same as Bulk Roughing
Cell size (L): 1.5 Flotation time  - Cleaner 1 (min) 6
Air f/rate (l/min): 2-3 Flotation time - Cleaner 2 (min) 4
Air pressure (kpa) 200
Impeller speed (rpm): 700
Cell % solids: 8
Froth pull rate : 5 sec
Froth depth (cm): 1.5
Cleaner 1 pH 10
Cleaner 2 pH 10.3
Reagent Scheme
Reagents Addition Rate (g/t) Comments
PAX Xanthe - No stage addition
RTD11A Thionocarbamate - No stage addition
Frother (DFS004) Weak Orica frother -  glycol-type - No stage addition
Depressants - Hydrated lime As required Added to required pH
-NaCN (Sodium Cyanide) 50 Only added in the 1st Cleaner
Type
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5. Robustness Testing
Rougher Conditions
Flotation Eh (mV) SHE 220-306
p H Natural of 7.9
Flotation Operating Parameters for cleaning - Rougher conditions were same as Bulk Roughing except for Eh
Cell size (L): 1.5 Flotation time  - Cleaner 1 (min) 6
Air f/rate (l/min): 2-3 Flotation time - Cleaner 2 (min) 4
Air pressure (kpa) 200
Impeller speed (rpm): 700
Cell % solids: 8
Froth pull rate : 5 sec
Froth depth (cm): 1.5
Cleaner 1 pH 11.8
Cleaner 2 pH 11.8-11.9
Reagent Scheme
Collector Type Addition Rate (g/t) Comments
PAX Xanthe 5
RTD11A Thionocarbamate 2.5
Frother (DFS004) Weak Orica frother -  glycol-type 10
Iron Powder (Fe) Pure iron powder 8 gram Added in the mill
Cu sulphate Hydrated Cu sulphate 50 Added in the mill
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6. Sequential Testing
Flotation Conditions for Sequential Circuit(Brisbane Tests) - For both Cu and Pyrite Flotation circuit
Rougher Cell size (L): 5 Flotation time  - Rougher (min) 10
Cleaner Cell size (L): 1.5 Flotation time - Cleaner 1 (min) 8
Air f/rate (l/min): 7-10 Flotation time - Cleaner 2 (min) 6
Air pressure (kpa) 200 Pyrite Rougher pH 8-8.5
Impeller speed (rpm): 1050 Pyrite Cleaner 1 & 2 pH 7.5-8
Cell % solids Rougher: 35
Cell % solids Cleaner: 10-15
Froth pull rate : 5 sec
Rougher Froth depth (cm): 1.5-2
Cleanr Froth depth (cm): 1.5
Cu Rougher pH 10-10.5
Cu Cleaner 1 & 2 pH 10-10.5
Reagent Scheme
Stream Reagents Amount 
used (g/t)
Cu Rougher1 RTD11A 10
NaCN 25
Lime 470
Cu Rougher 2 RTD11A 5
Lime 68
Cu Cleaner 1 Lime 1200
RTD11A 5
Cu Cleaner 2 Lime 700
Pyrite Rougher 1 PAX 25
Na2S 
(hydrate) 20
Pyrite Rougher 2 PAX 15
Pyrite Cleaner 1 PAX 2
Pyrite Cleaner 2 - -
Pyrite Cleaner Scavenger PAX 2
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Appendix C: Bulk Roughing Flotation Data 
 
Appendix C1: Initial Bulk Rougher Flotation Cumulative Tests Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 1 126.5 6.17 4.90 30.7 29.9 30.2 189.3 184.4 92.1 91.8 59.6
Conc1-2 3 150.8 7.35 4.31 27.0 26.5 31.7 198.5 194.6 96.5 96.3 62.9
Conc1-3 6 167.4 8.16 3.91 24.5 24.2 31.9 200.1 197.4 97.4 97.0 63.8
Conc1-4 10 195.3 9.52 3.37 21.1 21.1 32.1 201.0 200.6 97.9 97.5 64.8
Conc1-5 20 239.4 11.7 2.77 17.3 17.6 32.3 201.8 205.3 98.4 97.9 66.3
Tail 1811.9 88.3
Total 2051.3
PRODUCT
Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 1 126.5 6.17 14.2 48.24 4.94 25.76 37.6 87.3 297.5 231.9 92.1 91.7 2.42
Conc1-2 3 150.8 7.35 12.4 42.44 4.34 22.66 45.1 91.5 312.0 331.7 96.5 96.2 3.46
Conc1-3 6 167.4 8.16 11.3 38.52 3.95 20.57 50.2 92.3 314.4 409.4 97.4 96.9 4.27
Conc1-4 10 195.3 9.52 9.74 33.17 3.40 17.71 57.1 92.7 315.8 543.6 97.9 97.4 5.67
Conc1-5 20 239.4 11.7 7.99 27.16 2.79 14.51 64.8 93.2 317.0 756.8 98.4 97.8 7.90
Tail 1811.9 88.3 0.02 0.08 0.01 99.9 1.53 7.27 8824.1 1.62 2.24 92.1
Total 100.0 94.8 324.3 9580.9 100.0 100.0 100.0
Calculated feed 2051.3 0.95 3.24 95.8
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Time (min)
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
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Appendix C2: Reproducibility Tests Cumulative Results (Bulk Rougher Flotation)  
C2.1: Elemental Results 
 
Reproducibility Test1 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 138.9 6.93 4.34 28.0 26.8 30.1 194.1 185.8 88.9 87.8 57.9
Conc1-2 1 161.1 8.04 3.93 25.3 24.3 31.6 203.1 195.6 93.4 91.9 61.0
Conc1-3 3 179.3 8.95 3.59 23.1 22.4 32.1 206.4 200.2 95.0 93.4 62.5
Conc1-4 6 195.7 9.77 3.31 21.3 20.8 32.3 207.6 202.8 95.6 94.0 63.3
Conc1-5 10 214.5 10.7 3.04 19.5 19.2 32.5 208.4 205.4 96.0 94.3 64.1
Tail 1789.5 89.3
Total 2004.0
STDEV
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Reproducibility Test 2 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 120.2 6.14 4.68 30.7 29.2 28.7 188.6 179.3 87.1 85.9 56.0
Conc1-2 1 141.9 7.25 4.22 27.6 26.4 30.6 200.0 191.1 92.7 91.2 59.7
Conc1-3 3 162.9 8.32 3.75 24.5 23.6 31.2 204.1 196.7 94.5 93.1 61.5
Conc1-4 6 182.3 9.32 3.37 22.1 21.5 31.4 205.9 200.0 95.2 93.8 62.5
Conc1-5 10 198.8 10.2 3.11 20.4 19.9 31.5 206.8 202.3 95.6 94.3 63.2
Tail 1758.2 89.8
Total 1957.0
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Reproducibility Test 3 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 114.5 5.80 5.02 30.2 29.0 29.1 175.3 168.3 85.7 83.3 53.8
Conc1-2 1 136.61 6.92 4.54 27.3 26.3 31.4 189.2 182.4 92.5 90.0 58.3
Conc1-3 3 151.71 7.69 4.18 25.1 24.4 32.1 193.4 187.5 94.5 92.0 60.0
Conc1-4 6 168.45 8.54 3.79 22.8 22.3 32.4 194.9 190.4 95.3 92.7 60.9
Conc1-5 10 194.07 9.84 3.31 19.9 19.7 32.5 195.9 193.5 95.8 93.1 61.9
Tail 1778.9 90.2
Total 1973.0
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Reproducibility Test4 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 116.5 6.02 4.78 30.1 29.0 28.8 181.3 174.6 85.9 85.5 56.1
Conc1-2 1 146.85 7.59 4.11 25.8 25.0 31.2 195.9 190.0 93.2 92.3 61.0
Conc1-3 3 166.38 8.60 3.71 23.2 22.7 31.9 199.7 195.2 95.1 94.1 62.7
Conc1-4 6 184.42 9.53 3.36 21.1 20.8 32.1 200.7 197.9 95.6 94.6 63.5
Conc1-5 10 210.33 10.9 2.96 18.5 18.5 32.2 201.4 201.0 96.0 95.0 64.5
Tail 1724.0 89.1
Total 1934.3
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
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C2.2: Mineral Results 
 
 
 
 
Reproducibilty 1 - Cumulative Mineral Grades and Recovery (Conversion of Element to Mineral Assays) 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 138.9 6.93 12.5 44.24 4.38 23.62 43.2 86.9 306.6 299.6 88.9 87.6 3.14
Conc1-2 1 161.1 8.04 11.3 39.89 3.96 21.30 48.8 91.2 320.6 392.0 93.4 91.6 4.10
Conc1-3 3 179.3 8.95 10.4 36.42 3.62 19.45 53.2 92.8 325.9 476.0 95.0 93.1 4.98
Conc1-4 6 195.7 9.77 9.57 33.56 3.34 17.92 56.9 93.4 327.8 555.4 95.6 93.7 5.81
Conc1-5 10 214.5 10.7 8.77 30.74 3.06 16.41 60.5 93.8 329.0 647.5 96.0 94.0 6.78
Tail 1789.5 89.3 0.04 0.23 0.02 99.7 3.87 20.9 8904.9 3.96 5.97 93.2
Total 100.0 97.7 349.9 9552.4 100.0 100.0 100.0
Calculated feed 2004.0 0.98 3.50 95.5
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Reproducibilty 2 - Cumulative Mineral Grades and Recovery (Conversion of Element to Mineral Assays) 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 120.2 6.14 13.5 48.66 4.72 25.98 37.8 83.0 298.8 232.3 87.1 85.7 2.43
Conc1-2 1 141.9 7.25 12.2 43.69 4.25 23.33 44.1 88.3 316.8 320.0 92.7 90.9 3.35
Conc1-3 3 162.9 8.32 10.8 38.86 3.78 20.75 50.3 90.0 323.4 418.9 94.5 92.8 4.38
Conc1-4 6 182.3 9.32 9.74 35.02 3.40 18.70 55.2 90.7 326.2 514.5 95.2 93.6 5.38
Conc1-5 10 198.8 10.2 8.97 32.26 3.13 17.23 58.8 91.1 327.7 597.0 95.6 94.0 6.25
Tail 1758.2 89.8 0.05 0.23 0.02 99.7 4.15 20.8 8959.2 4.36 5.98 93.8
Total 100.0 95.3 348.6 9556.2 100.0 100.0 100.0
Calculated feed 1957.0 0.95 3.49 95.6
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Reproducibilty 3 - Cumulative Mineral Grades and Recovery (Conversion of Element to Mineral Assays) 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 114.5 5.80 14.5 47.08 5.06 25.14 38.4 84.2 273.2 223.0 85.7 82.9 2.33
Conc1-2 1 136.6 6.92 13.1 42.59 4.57 22.74 44.3 90.8 294.9 306.7 92.5 89.5 3.20
Conc1-3 3 151.7 7.69 12.1 39.21 4.21 20.94 48.7 92.8 301.5 374.7 94.5 91.5 3.91
Conc1-4 6 168.5 8.54 11.0 35.60 3.82 19.01 53.4 93.5 303.9 456.3 95.3 92.2 4.77
Conc1-5 10 194.1 9.84 9.56 31.04 3.33 16.58 59.4 94.0 305.4 584.3 95.8 92.6 6.10
Tail 1778.9 90.2 0.05 0.27 0.02 99.7 4.17 24.3 8987.9 4.25 7.37 93.9
Total 100.0 98.2 329.7 9572.2 100.0 100.0 100.0
Calculated feed 1973.0 0.98 3.30 95.7
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Reproducibilty 4 - Cumulative Mineral Grades and Recovery (Conversion of Element to Mineral Assays) 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 116.5 6.02 13.8 47.34 4.82 25.28 38.8 83.1 285.1 234.0 85.9 85.4 2.44
Conc1-2 1 146.9 7.59 11.9 40.55 4.15 21.66 47.6 90.2 307.9 361.1 93.2 92.2 3.77
Conc1-3 3 166.4 8.60 10.7 36.48 3.74 19.48 52.8 92.1 313.8 454.3 95.1 94.0 4.75
Conc1-4 6 184.4 9.53 9.71 33.08 3.39 17.66 57.2 92.6 315.4 545.4 95.6 94.4 5.70
Conc1-5 10 210.3 10.9 8.55 29.10 2.98 15.54 62.3 93.0 316.5 677.9 96.0 94.8 7.08
Tail 1724.0 89.1 0.04 0.20 0.02 99.8 3.86 17.5 8891.3 3.99 5.24 92.9
Total 100.0 96.8 334.0 9569.2 100.0 100.0 100.0
Calculated feed 1934.3 0.97 3.34 95.7
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
Recovery %WEIGHT Mineral (%) Weight %
WEIGHT Mineral (%) Weight % Recovery %
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Appendix C3: Collector Series Tests Cumulative Results (Bulk Rougher Flotation)  
 
C3.1: Elemental Results 
 
 
 
 
Collector Optimisation Test 1 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 158.4 7.97 3.93 30.1 25.5 31.3 240.0 203.3 89.1 91.0 61.8
Conc1-2 1 181.25 9.12 3.60 27.3 23.3 32.8 249.2 212.7 93.2 94.5 64.7
Conc1-3 3 197.82 9.96 3.37 25.5 21.9 33.5 253.5 217.7 95.3 96.2 66.2
Conc1-4 6 219.47 11.0 3.05 23.1 20.0 33.7 254.9 220.8 95.9 96.7 67.1
Conc1-5 10 243.95 12.3 2.76 20.8 18.2 33.9 255.7 223.7 96.3 97.0 68.0
Tail 1743.2 87.7
Total 1987.1
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Collector Optimisation Test 2 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 133.3 6.63 4.59 33.3 28.1 30.4 220.9 186.4 88.7 88.8 56.8
Conc1-2 1 146.26 7.28 4.33 31.3 26.5 31.5 227.8 193.1 91.8 91.6 58.8
Conc1-3 3 173.32 8.62 3.77 27.1 23.2 32.5 233.5 200.0 94.5 93.9 60.9
Conc1-4 6 195.71 9.74 3.36 24.2 20.9 32.8 235.2 203.4 95.4 94.6 62.0
Conc1-5 10 218.1 10.9 3.04 21.8 19.0 33.0 236.2 206.1 96.1 95.0 62.8
Tail 1791.8 89.1
Total 2009.9
* PAX = 40 g/t, RTD11A = 10 g/t, pH = 7.9 (natural)
Collector Optimisation Test 3 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 114.9 5.99 4.67 34.5 29.9 28.0 206.6 179.1 83.4 84.7 56.2
Conc1-2 1 134.98 7.03 4.26 31.3 27.3 30.0 220.5 192.0 89.3 90.4 60.3
Conc1-3 3 159.41 8.31 3.73 27.3 24.0 31.0 226.6 199.1 92.4 92.9 62.5
Conc1-4 6 181.69 9.47 3.32 24.2 21.4 31.4 229.1 203.0 93.7 94.0 63.7
Conc1-5 10 202.44 10.6 3.00 21.8 19.5 31.7 230.4 205.8 94.4 94.5 64.6
Tail 1716.4 89.4
Total 1918.8
* PAX = 20 g/t, RTD11A = 5 g/t, pH = 7.9 (natural)
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
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Collector Optimisation Test 4 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 118.0 6.20 4.71 33.2 28.9 29.2 205.9 179.2 87.0 86.6 57.0
Conc1-2 1 134.12 7.05 4.35 30.5 26.7 30.7 215.2 188.3 91.3 90.5 59.9
Conc1-3 3 149.9 7.88 4.00 28.1 24.8 31.5 221.6 195.0 93.7 93.2 62.0
Conc1-4 6 167.93 8.83 3.62 25.5 22.6 31.9 225.2 199.6 95.0 94.7 63.5
Conc1-5 10 187.34 9.85 3.26 23.0 20.6 32.1 226.9 202.7 95.7 95.4 64.5
Tail 1715.0 90.2
Total 1902.3
* PAX = 10 g/t, RTD11A = 2.5 g/t, pH = 7.9 (natural)
Collector Optimisation Test 5 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 124.7 6.25 4.53 27.4 24.9 28.3 171.1 155.5 85.9 83.3 53.4
Conc1-2 1 136.94 6.86 4.33 26.5 24.1 29.7 181.5 165.2 90.2 88.4 56.7
Conc1-3 3 153.5 7.69 4.00 24.6 22.5 30.7 189.4 173.1 93.3 92.2 59.4
Conc1-4 6 171 8.57 3.64 22.4 20.6 31.2 192.2 176.8 94.6 93.6 60.7
Conc1-5 10 181.87 9.11 3.45 21.2 19.6 31.4 193.5 178.8 95.3 94.2 61.3
Tail 1814.6 90.9
Total 1996.5
* PAX = 10 g/t, RTD11A = 2.5 g/t, pH = 7.9 (natural)
Collector Optimisation Test 6 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 117.4 5.64 5.19 32.3 29.5 29.2 182.0 166.3 85.8 79.0 53.2
Conc1-2 1 130.28 6.26 4.90 31.3 28.6 30.6 196.0 179.0 89.8 85.1 57.2
Conc1-3 3 144.04 6.92 4.56 29.7 27.1 31.5 205.1 187.6 92.5 89.1 60.0
Conc1-4 6 159.32 7.65 4.20 27.5 25.3 32.1 210.8 193.5 94.2 91.5 61.9
Conc1-5 10 168.24 8.08 4.00 26.3 24.3 32.4 212.8 195.9 94.9 92.4 62.7
Tail 1914.0 91.9
Total 2082.2
* PAX = 5 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
Assay (%) Weight % Recovery %WEIGHT
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Collector Optimisation Test 7 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 124.8 6.12 4.17 14.4 13.9 25.5 87.9 85.1 88.6 43.5 29.8
Conc1-2 1 141.4 6.94 3.81 15.0 14.4 26.5 104.2 100.0 91.8 51.6 35.0
Conc1-3 3 156.4 7.67 3.50 15.5 14.8 26.9 118.7 113.4 93.3 58.8 39.7
Conc1-4 6 172.94 8.49 3.20 15.0 14.4 27.1 127.2 121.8 94.2 63.0 42.6
Conc1-5 10 189.87 9.32 2.93 14.4 13.8 27.3 133.9 128.8 94.7 66.3 45.1
Tail 1848.3 90.7
Total 2038.2
* PAX = 5 g/t, RTD11A = 0 g/t, pH = 7.9 (natural)
Collector Optimisation Test 8 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 116.2 5.68 4.55 9.76 10.3 25.8 55.4 58.2 85.9 26.2 20.1
Conc1-2 1 140.92 6.89 3.96 9.96 10.3 27.2 68.6 71.0 90.6 32.4 24.5
Conc1-3 3 163.05 7.97 3.51 9.86 10.2 28.0 78.6 81.0 93.1 37.1 27.9
Conc1-4 6 181.22 8.86 3.19 9.40 9.74 28.2 83.3 86.3 93.9 39.4 29.7
Conc1-5 10 196.89 9.62 2.95 9.02 9.40 28.4 86.8 90.5 94.3 41.0 31.2
Tail 1849.2 90.4
Total 2046.1
* PAX = 2.5 g/t, RTD11A = 0 g/t, pH = 7.9 (natural)
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
Collector Optimisation Test 9 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 88.7 4.58 5.09 33.4 30.6 23.3 153.0 140.2 74.7 74.3 47.3
Conc1-2 1 110.23 5.69 4.73 30.9 28.4 26.9 175.9 161.7 86.2 85.4 54.5
Conc1-3 3 135.29 6.99 4.18 27.3 25.3 29.2 190.9 176.7 93.6 92.7 59.6
Conc1-4 6 150.51 7.77 3.80 24.8 23.1 29.5 192.9 179.8 94.5 93.7 60.7
Conc1-5 10 164.52 8.49 3.49 22.8 21.4 29.7 193.9 182.0 95.0 94.2 61.4
Tail 1772.3 91.5
Total 1936.8
* PAX = 5 g/t, RTD11A =1.25 g/t, pH = 7.9 (natural)
Recovery %WEIGHT Assay (%) Weight %
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
153 
 
 
 
Collector Optimisation Test 10 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 92.0 4.75 5.40 26.8 24.8 25.7 127.4 117.9 80.4 64.1 41.2
Conc1-2 1 112.2 5.80 4.84 26.0 24.1 28.0 150.7 139.6 87.8 75.9 48.7
Conc1-3 3 135.02 6.97 4.28 24.7 22.9 29.9 172.1 159.7 93.6 86.6 55.8
Conc1-4 6 147.63 7.63 3.97 23.2 21.6 30.3 176.7 164.5 94.9 88.9 57.5
Conc1-5 10 163.73 8.46 3.61 21.2 19.9 30.5 179.4 168.3 95.7 90.3 58.8
Tail 1772.2 91.5
Total 1935.9
* PAX = 3.75 g/t, RTD11A =1.25 g/t, pH = 7.9 (natural)
Collector Optimisation Test 11 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 58.9 3.30 8.52 24.8 23.2 28.1 81.9 76.6 83.3 37.4 25.2
Conc1-2 1 79.33 4.45 6.86 24.6 22.9 30.5 109.6 101.8 90.3 50.1 33.5
Conc1-3 3 103.57 5.81 5.49 24.5 22.7 31.9 142.2 131.5 94.4 65.0 43.3
Conc1-4 6 126.69 7.10 4.55 22.5 20.9 32.3 159.4 148.3 95.6 72.8 48.8
Conc1-5 10 141.08 7.91 4.11 21.0 19.7 32.5 166.4 155.4 96.2 76.0 51.2
Tail 1642.9 92.1
Total 1784.0
* PAX = 2.5 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
Collector Optimisation Test 12 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 79.1 4.08 5.82 34.0 31.6 23.7 138.6 128.8 76.0 67.4 43.4
Conc1-2 1 100.72 5.19 5.26 32.3 29.9 27.3 167.6 155.2 87.5 81.4 52.3
Conc1-3 3 124.07 6.39 4.54 28.8 26.8 29.0 184.1 171.4 93.0 89.5 57.7
Conc1-4 6 130.79 6.74 4.34 27.6 25.7 29.3 185.9 173.4 93.8 90.3 58.4
Conc1-5 10 147.99 7.63 3.88 24.7 23.2 29.6 188.3 176.9 94.7 91.5 59.6
Tail 1792.4 92.4
Total 1940.4
* PAX = 3.75 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
WEIGHT Assay (%) Weight % Recovery %
Recovery %WEIGHT Assay (%) Weight %
WEIGHT Assay (%) Weight % Recovery %
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Collector Optimisation Test 13 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 34.3 1.78 14.4 18.7 18.8 25.5 33.1 33.4 76.2 16.1 11.5
Conc1-2 1 52.97 2.74 10.7 15.5 15.8 29.4 42.6 43.2 88.0 20.7 14.9
Conc1-3 3 79.34 4.11 7.60 12.6 12.9 31.2 51.6 53.0 93.4 25.1 18.3
Conc1-4 6 97.55 5.05 6.26 11.1 11.5 31.6 55.9 58.1 94.5 27.2 20.1
Conc1-5 10 111 5.75 5.52 10.2 10.7 31.8 58.4 61.3 94.9 28.4 21.2
Tail 1820.1 94.3
Total 1931.1
* PAX = 1.25 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
Collector Optimisation Test 14 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 55.9 2.85 9.42 8.79 10.5 26.8 25.0 29.8 82.6 12.2 10.2
Conc1-2 1 71.61 3.65 7.96 7.79 9.31 29.0 28.4 34.0 89.4 13.8 11.7
Conc1-3 3 90.93 4.63 6.51 6.74 8.17 30.2 31.2 37.9 92.8 15.2 13.0
Conc1-4 6 105.25 5.36 5.69 6.10 7.51 30.5 32.7 40.3 93.9 15.9 13.8
Conc1-5 10 118.96 6.06 5.06 5.62 7.01 30.7 34.1 42.5 94.5 16.5 14.6
Tail 1843.3 93.9
Total 1962.3
* PAX = 0 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
WEIGHT Assay (%) Weight % Recovery %
Recovery %WEIGHT Assay (%) Weight %
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C3.2: Mineral Results 
 
Collector Optimisation Test 1 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 158.4 7.97 11.4 48.95 3.96 26.14 39.7 90.5 390.3 316.5 89.1 91.3 3.34
Conc1-2 1 181.3 9.12 10.4 44.38 3.62 23.70 45.2 94.7 404.8 412.6 93.2 94.7 4.36
Conc1-3 3 197.8 9.96 9.72 41.34 3.39 22.07 48.9 96.8 411.5 487.2 95.3 96.3 5.14
Conc1-4 6 219.5 11.0 8.82 37.46 3.08 20.00 53.7 97.4 413.7 593.3 95.9 96.8 6.26
Conc1-5 10 244.0 12.3 7.97 33.80 2.78 18.05 58.2 97.8 415.0 714.9 96.3 97.1 7.55
Tail 1743.2 87.7 0.04 0.14 0.02 99.8 3.80 12.3 8756.2 3.74 2.88 92.5
Total 100.0 101.6 427.3 9471.1 100.0 100.0 100.0
Calculated feed 1987.1 1.02 4.27 94.7
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
Collector Optimisation Test 2 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 133.3 6.63 13.3 53.69 4.63 28.67 33.0 87.9 356.1 219.2 88.7 88.8 2.31
Conc1-2 1 146.3 7.28 12.5 50.44 4.37 26.93 37.0 91.1 367.0 269.6 91.8 91.5 2.84
Conc1-3 3 173.3 8.62 10.9 43.61 3.80 23.29 45.5 93.8 376.1 392.5 94.5 93.8 4.13
Conc1-4 6 195.7 9.74 9.72 38.89 3.39 20.76 51.4 94.6 378.6 500.5 95.4 94.4 5.27
Conc1-5 10 218.1 10.9 8.78 35.02 3.07 18.70 56.2 95.3 380.1 609.7 96.1 94.8 6.42
Tail 1791.8 89.1 0.04 0.23 0.02 99.7 3.86 20.8 8890.2 3.89 5.20 93.6
Total 100.0 99.2 400.9 9499.9 100.0 100.0 100.0
Calculated feed 2009.9 0.99 4.01 95.0
* PAX = 40 g/t, RTD11A = 10 g/t, pH = 7.9 (natural)
Collector Optimisation Test 3 - Cumulative Mineral Grades and Recovery  
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 114.9 5.99 13.5 55.79 4.71 29.79 30.7 80.8 334.1 184.0 83.4 84.9 1.93
Conc1-2 1 135.0 7.03 12.3 50.66 4.30 27.05 37.0 86.6 356.4 260.5 89.3 90.6 2.74
Conc1-3 3 159.4 8.31 10.8 44.04 3.76 23.52 45.2 89.6 365.9 375.3 92.4 93.0 3.95
Conc1-4 6 181.7 9.47 9.59 39.05 3.35 20.85 51.4 90.8 369.7 486.4 93.7 94.0 5.11
Conc1-5 10 202.4 10.6 8.67 35.23 3.03 18.82 56.1 91.5 371.7 591.8 94.4 94.5 6.22
Tail 1716.4 89.4 0.06 0.24 0.02 99.7 5.43 21.6 8918.0 5.60 5.49 93.8
Total 100.0 96.9 393.3 9509.8 100.0 100.0 100.0
Calculated feed 1918.8 0.97 3.93 95.1
* PAX = 20 g/t, RTD11A = 5 g/t, pH = 7.9 (natural)
WEIGHT Mineral (%) Weight %
Recovery %
Recovery %
WEIGHT Mineral (%) Weight %
Recovery %WEIGHT Mineral (%) Weight %
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Collector Optimisation Test 4 - Cumulative Mineral Grades and Recovery
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 118.0 6.20 13.6 53.28 4.75 28.45 33.1 84.4 330.4 205.4 87.0 86.5 2.16
Conc1-2 1 134.1 7.05 12.6 48.95 4.38 26.14 38.5 88.5 345.1 271.4 91.3 90.4 2.85
Conc1-3 3 149.9 7.88 11.5 45.13 4.03 24.10 43.3 90.9 355.6 341.4 93.7 93.1 3.59
Conc1-4 6 167.9 8.83 10.4 40.96 3.64 21.87 48.6 92.2 361.6 429.0 95.0 94.7 4.51
Conc1-5 10 187.3 9.85 9.43 36.99 3.29 19.75 53.6 92.8 364.3 527.7 95.7 95.4 5.54
Tail 1715.0 90.2 0.05 0.19 0.02 99.8 4.17 17.5 8993.5 4.30 4.59 94.5
Total 100.0 97.0 381.8 9521.2 100.0 100.0 100.0
Calculated feed 1902.3 0.97 3.82 95.2
* PAX = 10 g/t, RTD11A = 2.5 g/t, pH = 7.9 (natural)
Collector Optimisation Test 5 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 124.7 6.25 13.1 42.76 4.57 22.83 44.2 81.7 267.1 275.8 85.9 82.8 2.88
Conc1-2 1 136.9 6.86 12.5 41.38 4.37 22.10 46.1 85.9 283.8 316.2 90.2 88.0 3.30
Conc1-3 3 153.5 7.69 11.6 38.58 4.03 20.60 49.9 88.8 296.6 383.5 93.3 92.0 4.00
Conc1-4 6 171.0 8.57 10.5 35.16 3.67 18.78 54.3 90.1 301.1 465.3 94.6 93.4 4.86
Conc1-5 10 181.9 9.11 9.96 33.28 3.48 17.77 56.8 90.7 303.1 517.1 95.3 94.0 5.40
Tail 1814.6 90.9 0.05 0.21 0.02 99.7 4.46 19.2 9065.4 4.69 5.96 94.6
Total 100.0 95.2 322.4 9582.5 100.0 100.0 100.0
Calculated feed 1996.5 0.95 3.22 95.8
* PAX = 10 g/t, RTD11A = 2.5 g/t, pH = 7.9 (natural)
Collector Optimisation Test 6 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
0.00
Conc1 0.5 117.4 5.64 15.0 50.69 5.23 27.07 34.3 84.5 285.7 193.4 85.8 77.9 2.03
Conc1-2 1 130.3 6.26 14.1 49.42 4.94 26.39 36.4 88.5 309.2 228.0 89.8 84.3 2.39
Conc1-3 3 144.0 6.92 13.2 46.92 4.60 25.06 39.9 91.1 324.6 276.1 92.5 88.5 2.90
Conc1-4 6 159.3 7.65 12.1 43.66 4.23 23.31 44.2 92.8 334.1 338.3 94.2 91.0 3.55
Conc1-5 10 168.2 8.08 11.6 41.77 4.04 22.31 46.7 93.5 337.5 377.0 94.9 92.0 3.95
Tail 1914.0 91.9 0.05 0.32 0.02 99.6 5.04 29.4 9157.6 5.12 8.02 96.0
Total 100.0 98.5 366.9 9534.6 100.0 100.0 100.0
Calculated feed 2082.2 0.99 3.67 95.3
* PAX = 5 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
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Collector Optimisation Test 7 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 124.8 6.12 12.0 19.00 4.20 10.15 69.0 73.8 116.3 422.2 88.6 35.9 4.40
Conc1-2 1 141.4 6.94 11.0 20.92 3.84 11.17 68.1 76.4 145.1 472.2 91.8 44.8 4.92
Conc1-3 3 156.4 7.67 10.1 22.36 3.53 11.94 67.5 77.7 171.6 518.1 93.3 53.0 5.40
Conc1-4 6 172.9 8.49 9.24 22.03 3.22 11.76 68.7 78.4 186.9 583.2 94.2 57.7 6.08
Conc1-5 10 189.9 9.32 8.46 21.40 2.95 11.43 70.1 78.8 199.3 653.5 94.7 61.6 6.81
Tail 1848.3 90.7 0.05 1.37 0.02 98.6 4.45 124.5 8939.5 5.35 38.4 93.2
Total 100.0 83.3 323.8 9593.0 100.0 100.0 100.0
Calculated feed 2038.2 0.83 3.24 95.9
* PAX = 5 g/t, RTD11A = 0 g/t, pH = 7.9 (natural)
Collector Optimisation Test 8 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 116.2 5.68 13.1 9.69 4.59 5.17 77.2 74.6 55.0 438.1 85.9 16.2 4.58
Conc1-2 1 140.9 6.89 11.4 11.18 3.99 5.97 77.4 78.7 77.0 533.0 90.6 22.7 5.57
Conc1-3 3 163.1 7.97 10.1 11.83 3.54 6.32 78.0 80.9 94.3 621.7 93.1 27.8 6.49
Conc1-4 6 181.2 8.86 9.20 11.59 3.21 6.19 79.2 81.5 102.7 701.5 93.9 30.3 7.33
Conc1-5 10 196.9 9.62 8.51 11.34 2.97 6.05 80.2 81.9 109.1 771.3 94.3 32.1 8.06
Tail 1849.2 90.4 0.05 2.55 0.02 97.4 4.96 230.3 8802.4 5.71 67.9 91.9
Total 100.0 86.9 339.4 9573.7 100.0 100.0 100.0
Calculated feed 2046.1 0.87 3.39 95.7
* PAX = 2.5 g/t, RTD11A = 0 g/t, pH = 7.9 (natural)
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
Collector Optimisation Test 9 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
0.00 0.00 0.00
Conc1 0.5 88.7 4.58 14.7 52.94 5.13 28.27 32.4 67.3 242.5 148.2 74.7 74.3 1.55
Conc1-2 1 110.2 5.69 13.7 48.94 4.77 26.14 37.4 77.7 278.6 212.9 86.2 85.3 2.22
Conc1-3 3 135.3 6.99 12.1 43.28 4.22 23.11 44.6 84.4 302.3 311.8 93.6 92.6 3.25
Conc1-4 6 150.5 7.77 11.0 39.31 3.83 20.99 49.7 85.2 305.5 386.3 94.5 93.6 4.03
Conc1-5 10 164.5 8.49 10.1 36.16 3.52 19.31 53.8 85.7 307.2 456.6 95.0 94.1 4.76
Tail 1772.3 91.5 0.05 0.21 0.02 99.7 4.49 19.3 9126.7 4.98 5.92 95.2
Total 100.0 90.2 326.5 9583.3 100.0 100.0 100.0
Calculated feed 1936.8 0.90 3.26 95.8
* PAX = 5 g/t, RTD11A =1.25 g/t, pH = 7.9 (natural)
Weight % Recovery %WEIGHT Mineral (%)
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Collector Optimisation Test 10 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 92.0 4.75 15.6 39.99 5.44 21.36 44.4 74.1 190.1 211.0 80.4 61.0 2.20
Conc1-2 1 112.2 5.80 14.0 39.57 4.88 21.13 46.5 81.0 229.4 269.2 87.8 73.6 2.81
Conc1-3 3 135.0 6.97 12.4 38.13 4.32 20.36 49.5 86.3 265.9 345.2 93.6 85.3 3.60
Conc1-4 6 147.6 7.63 11.5 35.89 4.00 19.16 52.6 87.5 273.7 401.4 94.9 87.8 4.18
Conc1-5 10 163.7 8.46 10.4 32.91 3.64 17.58 56.7 88.2 278.4 479.2 95.7 89.3 4.99
Tail 1772.2 91.5 0.04 0.36 0.02 99.6 3.97 33.4 9116.9 4.30 10.7 95.0
Total 100.0 92.2 311.8 9596.1 100.0 100.0 100.0
Calculated feed 1935.9 0.92 3.12 96.0
* PAX = 3.75 g/t, RTD11A =1.25 g/t, pH = 7.9 (natural)
Collector Optimisation Test 11 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 58.9 3.30 24.6 30.36 8.59 16.21 45.0 81.3 100.2 148.7 83.3 29.0 1.56
Conc1-2 1 79.3 4.45 19.8 33.20 6.92 17.73 47.0 88.1 147.6 208.9 90.3 42.7 2.19
Conc1-3 3 103.6 5.81 15.9 35.50 5.54 18.96 48.6 92.1 206.1 282.4 94.4 59.6 2.95
Conc1-4 6 126.7 7.10 13.1 33.46 4.59 17.87 53.4 93.3 237.6 379.3 95.6 68.7 3.97
Conc1-5 10 141.1 7.91 11.9 31.64 4.14 16.90 56.5 93.8 250.2 446.7 96.2 72.3 4.67
Tail 1642.9 92.1 0.04 1.04 0.01 98.9 3.72 95.9 9109.6 3.82 27.7 95.3
Total 100.0 97.6 346.1 9556.3 100.0 100.0 100.0
Calculated feed 1784.0 0.98 3.46 95.6
* PAX = 2.5 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
Collector Optimisation Test 12 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 79.1 4.08 16.8 52.68 5.87 28.13 30.5 68.5 214.8 124.4 76.0 65.8 1.30
Conc1-2 1 100.7 5.19 15.2 50.52 5.30 26.98 34.3 78.9 262.3 177.9 87.5 80.3 1.86
Conc1-3 3 124.1 6.39 13.1 45.35 4.58 24.22 41.5 83.9 290.0 265.5 93.0 88.8 2.77
Conc1-4 6 130.8 6.74 12.5 43.45 4.38 23.20 44.0 84.6 292.9 296.6 93.8 89.7 3.09
Conc1-5 10 148.0 7.63 11.2 38.90 3.91 20.78 49.9 85.4 296.7 380.6 94.7 90.9 3.97
Tail 1792.4 92.4 0.05 0.32 0.02 99.6 4.80 29.7 9202.8 5.32 9.11 96.0
Total 100.0 90.2 326.4 9583.4 100.0 100.0 100.0
Calculated feed 1940.4 0.90 3.26 95.8
* PAX = 3.75 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%)
WEIGHT Mineral (%) Weight % Recovery %
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Collector Optimisation Test 13 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 34.3 1.78 41.5 7.84 14.47 4.18 50.7 73.6 13.9 90.1 76.2 4.33 0.94
Conc1-2 1 53.0 2.74 31.0 8.83 10.82 4.72 60.2 85.0 24.2 165.0 88.0 7.54 1.72
Conc1-3 3 79.3 4.11 22.0 9.18 7.67 4.90 68.9 90.2 37.7 282.9 93.4 11.7 2.95
Conc1-4 6 97.6 5.05 18.1 8.90 6.31 4.75 73.0 91.3 45.0 368.9 94.5 14.0 3.85
Conc1-5 10 111.0 5.75 16.0 8.58 5.57 4.58 75.5 91.7 49.3 433.8 94.9 15.3 4.53
Tail 1820.1 94.3 0.05 2.89 0.02 97.1 4.90 272.1 9148.2 5.07 84.7 95.5
Total 100.0 96.6 321.5 9581.9 100.0 100.0 100.0
Calculated feed 1931.1 0.97 3.21 95.8
* PAX = 1.25 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
Collector Optimisation Test 14 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 55.9 2.85 27.2 -1.32 9.50 -0.71 74.1 77.5 -3.77 211.1 82.6 -1.16 2.20
Conc1-2 1 71.6 3.65 23.0 -0.44 8.02 -0.24 77.5 83.9 -1.61 282.7 89.4 -0.50 2.95
Conc1-3 3 90.9 4.63 18.8 0.33 6.56 0.18 80.9 87.1 1.55 374.8 92.8 0.48 3.91
Conc1-4 6 105.3 5.36 16.4 0.69 5.73 0.37 82.9 88.1 3.68 444.6 93.9 1.13 4.64
Conc1-5 10 119.0 6.06 14.6 0.97 5.10 0.52 84.4 88.7 5.88 511.7 94.5 1.81 5.34
Tail 1843.3 93.9 0.05 3.39 0.02 96.6 5.16 318.6 9070.1 5.49 98.2 94.7
Total 100.0 93.8 324.4 9581.7 100.0 100.0 100.0
Calculated feed 1962.3 0.94 3.24 95.8
* PAX = 0 g/t, RTD11A = 1.25 g/t, pH = 7.9 (natural)
Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%)
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
160 
 
Appendix C4: pH Series Tests Results 
 
C4.1: Elemental Results 
 
pH Series Test 1 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 158.4 7.97 3.93 30.1 25.5 31.3 240.0 203.3 89.1 91.0 61.8
Conc1-2 1 181.25 9.12 3.60 27.3 23.3 32.8 249.2 212.7 93.2 94.6 64.7
Conc1-3 3 197.82 9.96 3.37 25.5 21.9 33.5 253.5 217.7 95.3 96.2 66.2
Conc1-4 6 219.47 11.0 3.05 23.1 20.0 33.7 254.9 220.8 95.9 96.7 67.1
Conc1-5 10 243.95 12.3 2.76 20.8 18.2 33.9 255.7 223.7 96.3 97.0 68.0
Tail 1743.2 87.7
Total 1987.1
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
pH Series Test 2 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 164.5 8.21 3.27 21.6 20.2 26.9 177.4 165.9 88.1 87.3 56.9
Conc1-2 1 182.57 9.12 3.09 20.5 19.2 28.2 186.5 175.3 92.5 91.8 60.1
Conc1-3 3 198.24 9.90 2.90 19.2 18.2 28.7 190.4 180.2 94.3 93.7 61.8
Conc1-4 6 213.85 10.7 2.71 18.0 17.2 29.0 192.0 183.2 95.1 94.5 62.8
Conc1-5 10 242.24 12.1 2.41 16.0 15.5 29.2 193.5 187.1 95.7 95.2 64.1
Tail 1760.1 87.9
Total 2002.3
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7
pH Series Test 3 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 141.6 7.06 3.99 26.5 24.7 28.1 187.0 174.3 84.2 82.8 55.7
Conc1-2 1 162.85 8.11 3.71 24.6 23.1 30.1 199.9 187.4 90.0 88.5 59.9
Conc1-3 3 186.31 9.28 3.43 23.1 21.7 31.8 214.4 201.8 95.2 94.9 64.5
Conc1-4 6 216.27 10.8 3.01 20.3 19.3 32.4 218.8 208.3 96.8 96.8 66.6
Conc1-5 10 236.97 11.8 2.76 18.6 17.9 32.6 219.7 211.3 97.4 97.3 67.6
Tail 1770.1 88.2
Total 2007.1
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 6
pH Series Test 4 - Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 102.8 5.01 5.64 35.8 33.4 28.2 179.2 167.2 83.8 80.2 53.2
Conc1-2 1 158.15 7.70 4.11 26.5 25.0 31.6 203.8 192.8 93.8 91.2 61.3
Conc1-3 3 174.23 8.48 3.82 24.8 23.6 32.4 210.1 199.7 96.1 94.0 63.5
Conc1-4 6 185.71 9.04 3.61 23.6 22.5 32.6 213.3 203.7 96.8 95.4 64.8
Conc1-5 10 204.12 9.94 3.30 21.7 20.9 32.8 215.4 207.3 97.3 96.4 65.9
Tail 1850.4 90.1
Total 2054.5
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 5
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%)
WEIGHT Assay (%)
WEIGHT Assay (%)
Weight % Recovery %
Weight % Recovery %
Weight % Recovery %
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C4.2: Mineral Results 
 
pH Series Test 1 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 158.4 7.97 11.4 48.95 3.96 26.14 39.7 90.5 390.3 316.5 89.1 91.3 3.34
Conc1-2 1 181.3 9.12 10.4 44.38 3.62 23.70 45.2 94.7 404.8 412.6 93.2 94.8 4.36
Conc1-3 3 197.8 9.96 9.72 41.34 3.39 22.07 48.9 96.8 411.5 487.2 95.3 96.3 5.14
Conc1-4 6 219.5 11.0 8.82 37.46 3.08 20.00 53.7 97.4 413.7 593.3 95.9 96.8 6.26
Conc1-5 10 244.0 12.3 7.97 33.80 2.78 18.05 58.2 97.8 414.9 714.9 96.3 97.1 7.55
Tail 1743.2 87.7 0.04 0.14 0.02 99.8 3.80 12.3 8756.2 3.74 2.88 92.5
Total 100.0 101.6 427.2 9471.2 100.0 100.0 100.0
Calculated feed 1987.1 1.02 4.27 94.7
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7.9 (natural)
pH Series Test 2 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 164.5 8.21 9.45 34.28 3.30 18.30 56.3 77.6 281.6 462.3 88.1 87.2 4.82
Conc1-2 1 182.6 9.12 8.93 32.47 3.12 17.34 58.6 81.5 296.0 534.3 92.5 91.7 5.57
Conc1-3 3 198.2 9.90 8.39 30.54 2.93 16.31 61.1 83.0 302.3 604.7 94.3 93.6 6.31
Conc1-4 6 213.9 10.7 7.84 28.55 2.73 15.25 63.6 83.7 304.9 679.4 95.1 94.4 7.08
Conc1-5 10 242.2 12.1 6.96 25.40 2.43 13.56 67.6 84.2 307.3 818.3 95.7 95.2 8.53
Tail 1760.1 87.9 0.04 0.18 0.02 99.8 3.81 15.6 8770.8 4.33 4.84 91.5
Total 100.0 88.0 322.9 9589.1 100.0 100.0 100.0
Calculated feed 2002.3 0.88 3.23 95.9
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 7
pH Series Test 3 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 141.6 7.06 11.5 42.09 4.02 22.48 46.4 81.3 297.0 327.2 84.2 82.5 3.43
Conc1-2 1 162.9 8.11 10.7 39.14 3.74 20.90 50.1 86.9 317.6 406.9 90.0 88.2 4.26
Conc1-3 3 186.3 9.28 9.90 36.78 3.46 19.64 53.3 91.9 341.5 494.9 95.2 94.9 5.19
Conc1-4 6 216.3 10.8 8.68 32.35 3.03 17.27 59.0 93.5 348.5 635.5 96.8 96.8 6.66
Conc1-5 10 237.0 11.8 7.96 29.64 2.78 15.83 62.4 94.0 350.0 736.6 97.4 97.3 7.72
Tail 1770.1 88.2 0.03 0.11 0.01 99.9 2.55 9.90 8806.9 2.64 2.75 92.3
Total 100.0 96.6 359.9 9543.5 100.0 100.0 100.0
Calculated feed 2007.1 0.97 3.60 95.4
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 6
pH Series Test 4 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy% S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 102.8 5.01 16.3 56.39 5.69 30.11 27.3 81.5 282.3 136.7 83.8 79.5 1.43
Conc1-2 1 158.2 7.70 11.9 41.82 4.14 22.33 46.3 91.3 321.9 356.5 93.8 90.7 3.73
Conc1-3 3 174.2 8.48 11.0 39.19 3.85 20.93 49.8 93.5 332.3 422.2 96.1 93.6 4.42
Conc1-4 6 185.7 9.04 10.4 37.37 3.64 19.96 52.2 94.3 337.8 471.9 96.8 95.2 4.94
Conc1-5 10 204.1 9.94 9.54 34.36 3.33 18.35 56.1 94.7 341.4 557.4 97.3 96.2 5.84
Tail 1850.4 90.1 0.03 0.15 0.01 99.8 2.60 13.5 8990.4 2.67 3.80 94.2
Total 100.0 97.3 354.9 9547.8 100.0 100.0 100.0
Calculated feed 2054.5 0.97 3.55 95.5
* PAX = 80 g/t, RTD11A = 20 g/t, pH = 6
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
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Appendix C5: Experimental Design Tests 
 
C5.1: Elemental Results 
 
Experimental design Test 1 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 134.6 6.86 4.10 27.0 24.0 28.1 185.3 164.7 85.6 85.1 56.8
Conc1-2 1 152.5 7.77 3.83 25.1 22.5 29.8 195.4 174.6 90.5 89.7 60.2
Conc1-3 3 179.6 9.16 3.40 22.4 20.3 31.1 205.5 185.4 94.7 94.4 63.9
Conc1-4 6 201 10.2 3.06 20.3 18.5 31.4 208.2 189.5 95.5 95.6 65.3
Conc1-5 10 222.9 11.4 2.78 18.5 17.0 31.6 209.7 192.7 96.0 96.3 66.4
Tail 1738.7 88.6
Total 1961.6
Experimental design Test 2 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 106.9 5.37 5.07 34.1 30.2 27.2 183.1 162.1 80.6 80.3 53.0
Conc1-2 1 123.5 6.20 4.84 32.3 28.7 30.0 200.5 177.8 88.9 87.9 58.2
Conc1-3 3 146.6 7.36 4.28 28.4 25.4 31.5 209.4 186.9 93.2 91.8 61.1
Conc1-4 6 166.6 8.37 3.81 25.4 22.8 31.9 212.1 190.8 94.5 93.0 62.4
Conc1-5 10 177.4 8.91 3.61 24.0 21.6 32.1 213.5 192.8 95.1 93.6 63.1
Tail 1814.3 91.1
Total 1991.7
Experimental design Test 3 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 144.3 7.27 3.93 26.9 24.1 28.6 195.6 175.2 85.9 85.1 56.7
Conc1-2 1 159.5 8.03 3.81 25.7 23.1 30.6 206.2 185.4 91.9 89.7 60.0
Conc1-3 3 184.2 9.28 3.43 23.3 21.1 31.9 216.1 195.5 95.7 94.0 63.3
Conc1-4 6 202.5 10.2 3.15 21.6 19.7 32.1 220.5 200.7 96.6 95.9 65.0
Conc1-5 10 225.4 11.4 2.85 19.6 18.0 32.4 222.7 204.3 97.3 96.9 66.1
Tail 1759.2 88.6
Total 1984.6
Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
WEIGHT
Weight % Recovery %WEIGHT Assay (%)
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Experimental design Test 4 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 112.2 5.63 4.81 29.1 25.6 27.1 163.9 144.1 83.2 82.5 52.0
Conc1-2 1 129.7 6.51 4.50 27.2 24.0 29.3 176.8 156.2 89.9 89.0 56.3
Conc1-3 3 147.1 7.39 4.12 24.7 22.0 30.4 182.7 162.4 93.4 91.9 58.6
Conc1-4 6 162.4 8.16 3.79 22.8 20.4 30.9 185.7 166.1 94.8 93.5 59.9
Conc1-5 10 173.3 8.70 3.58 21.6 19.4 31.1 187.8 168.7 95.5 94.5 60.8
Tail 1818.5 91.3
Total 1991.8
Experimental design Test 5 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 133.9 6.87 4.04 24.3 21.8 27.7 166.9 149.7 86.0 83.3 53.6
Conc1-2 1 160.6 8.24 3.63 21.9 19.8 29.9 180.5 163.2 92.7 90.1 58.4
Conc1-3 3 182.9 9.38 3.28 19.8 18.1 30.7 185.8 169.7 95.3 92.8 60.8
Conc1-4 6 197.5 10.1 3.05 18.5 17.0 30.9 187.2 172.3 95.8 93.5 61.7
Conc1-5 10 215.1 11.0 2.81 17.1 15.9 31.0 188.7 175.2 96.1 94.2 62.7
Tail 1734.9 89.0
Total 1950.0
Experimental design Test 6 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 116.7 5.89 4.41 27.5 24.4 26.0 162.0 143.8 80.8 79.9 51.1
Conc1-2 1 136.8 6.90 4.13 25.8 23.0 28.5 178.4 159.0 88.7 87.9 56.5
Conc1-3 3 161.6 8.16 3.75 23.6 21.1 30.6 192.2 172.5 95.1 94.8 61.3
Conc1-4 6 173.9 8.78 3.53 22.2 20.0 31.0 195.1 175.8 96.3 96.2 62.5
Conc1-5 10 190.7 9.62 3.24 20.4 18.5 31.2 196.5 178.5 96.9 96.9 63.4
Tail 1790.4 90.4
Total 1981.1
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight %
WEIGHT Assay (%) Weight % Recovery %
Recovery %
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Experimental design Test 7 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 99.5 5.12 4.64 29.5 26.1 23.7 151.0 133.6 76.8 76.3 47.6
Conc1-2 1 116.8 6.01 4.48 28.5 25.3 26.9 171.4 151.8 87.0 86.6 54.1
Conc1-3 3 135.7 6.98 4.19 26.7 23.7 29.2 186.1 165.7 94.5 94.0 59.0
Conc1-4 6 155.1 7.98 3.73 23.8 21.4 29.8 190.1 170.6 96.2 96.1 60.8
Conc1-5 10 167.6 8.62 3.47 22.2 20.1 29.9 191.5 172.9 96.8 96.8 61.6
Tail 1776.6 91.4
Total 1944.2
Experimental design Test 8 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 109.2 5.66 4.77 32.0 28.6 27.0 181.1 161.9 82.7 81.3 53.9
Conc1-2 1 131.7 6.83 4.38 29.3 26.3 29.9 200.0 179.5 91.5 89.8 59.8
Conc1-3 3 153.1 7.94 3.95 26.4 23.8 31.3 209.5 189.1 96.0 94.1 63.0
Conc1-4 6 170.1 8.82 3.59 24.0 21.8 31.6 211.8 192.5 96.8 95.1 64.1
Conc1-5 10 184.8 9.58 3.32 22.3 20.4 31.8 213.7 195.5 97.2 95.9 65.1
Tail 1744.4 90.4
Total 1929.2
Experimental design Test 9 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 108.3 5.75 4.59 29.3 25.9 26.4 168.5 148.9 82.5 80.5 51.9
Conc1-2 1 127.1 6.75 4.33 27.5 24.4 29.2 185.5 164.9 91.3 88.7 57.4
Conc1-3 3 150.5 7.99 3.81 24.2 21.7 30.5 193.3 173.5 95.2 92.4 60.4
Conc1-4 6 171.5 9.11 3.36 21.4 19.4 30.7 194.8 176.7 95.8 93.1 61.5
Conc1-5 10 188.7 10.0 3.07 19.5 17.9 30.7 195.7 179.1 96.1 93.5 62.4
Tail 1693.8 90.0
Total 1882.5
WEIGHT Assay (%)
WEIGHT Assay (%) Weight % Recovery %
Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
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Experimental design Test 10 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 94.2 4.89 4.79 29.8 26.3 23.4 145.6 128.5 73.8 71.1 45.3
Conc1-2 1 116.7 6.05 4.57 28.7 25.4 27.6 173.8 153.5 87.1 84.9 54.2
Conc1-3 3 144.2 7.47 3.99 25.2 22.4 29.8 188.0 167.7 94.0 91.9 59.2
Conc1-4 6 170.3 8.83 3.42 21.6 19.5 30.2 190.3 171.7 95.1 93.0 60.6
Conc1-5 10 193.8 10.0 3.01 19.0 17.4 30.3 191.1 174.5 95.5 93.4 61.6
Tail 1735.1 90.0
Total 1928.9
Experimental design Test 11 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 123.6 6.46 4.55 29.5 26.1 29.4 190.5 168.6 83.9 82.3 55.3
Conc1-2 1 151.4 7.91 3.98 26.0 23.2 31.5 205.7 183.6 89.9 88.8 60.2
Conc1-3 3 177.2 9.26 3.52 23.0 20.7 32.6 213.0 192.1 93.0 92.0 62.9
Conc1-4 6 192.7 10.1 3.26 21.3 19.4 32.8 214.7 194.9 93.6 92.7 63.9
Conc1-5 10 217.3 11.4 2.90 19.0 17.4 32.9 215.6 197.9 93.9 93.1 64.8
Tail 1696.5 88.6
Total 1913.8
Experimental design Test 12 Cumulative Results
Flotation
PRODUCT  time 
(min) Gram % Cu S Fe Cu S Fe Cu S Fe
Conc1 0.5 123.9 6.59 4.51 22.6 20.3 29.7 148.9 133.7 87.9 67.7 45.3
Conc1-2 1 145.8 7.75 4.06 21.4 19.3 31.5 166.0 149.8 93.1 75.5 50.7
Conc1-3 3 162.6 8.65 3.74 20.1 18.2 32.3 173.7 157.6 95.6 78.9 53.4
Conc1-4 6 188.5 10.0 3.25 17.9 16.4 32.6 179.8 164.8 96.5 81.7 55.8
Conc1-5 10 213 11.3 2.89 16.6 15.3 32.7 188.1 173.8 96.9 85.5 58.9
Tail 1667.7 88.7
Total 1880.7
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
WEIGHT Assay (%) Weight % Recovery %
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C5.2: Mineral Results 
 
 
Experimental Design Test 1 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 134.6 6.86 11.8 42.82 4.13 22.87 45.3 81.3 293.9 311.1 85.6 85.0 3.25
Conc1-2 0.5 152.5 7.77 11.1 39.84 3.86 21.27 49.1 85.9 309.7 381.8 90.5 89.6 3.99
Conc1-3 2 179.6 9.16 9.82 35.62 3.43 19.02 54.6 89.9 326.1 499.5 94.7 94.4 5.23
Conc1-4 3 201.0 10.2 8.85 32.26 3.09 17.22 58.9 90.7 330.6 603.6 95.5 95.6 6.31
Conc1-5 4 222.9 11.4 8.02 29.32 2.80 15.66 62.7 91.2 333.2 712.0 96.0 96.4 7.45
Tail 1738.7 88.6 0.04 0.14 0.02 99.8 3.84 12.4 8847.4 4.04 3.60 92.6
Total 100.00 95.0 345.6 9559.4 100.0 100.0 100.0
Calculated feed 1961.6 0.95 3.46 95.6
Experimental Design Test 2 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 106.9 5.37 14.6 54.29 5.11 28.99 31.1 78.6 291.4 166.8 80.6 80.2 1.75
Conc1-2 0.5 123.5 6.20 14.0 51.42 4.88 27.46 34.6 86.7 318.8 214.5 88.9 87.8 2.25
Conc1-3 2 146.6 7.36 12.4 45.20 4.31 24.14 42.4 91.0 332.7 312.4 93.2 91.6 3.27
Conc1-4 3 166.6 8.37 11.0 40.28 3.85 21.51 48.7 92.2 337.0 407.5 94.5 92.8 4.27
Conc1-5 4 177.4 8.91 10.4 38.07 3.64 20.33 51.5 92.8 339.1 458.7 95.1 93.3 4.81
Tail 1814.3 91.1 0.05 0.27 0.02 99.7 4.74 24.2 9080.5 4.85 6.66 95.2
Total 0.00 97.6 363.3 9539.1 100.0 100.0 100.0
Calculated feed 1991.7 0.98 3.63 95.4
Experimental Design Test 3 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 144.3 7.27 11.4 42.96 3.96 22.94 45.7 82.5 312.3 332.2 85.9 85.0 3.48
Conc1-2 0.5 159.5 8.03 11.0 40.88 3.84 21.83 48.1 88.4 328.5 386.7 91.9 89.4 4.05
Conc1-3 2 184.2 9.28 9.92 37.12 3.46 19.82 53.0 92.0 344.4 491.5 95.7 93.7 5.15
Conc1-4 3 202.5 10.2 9.10 34.52 3.18 18.43 56.4 92.8 352.2 575.2 96.6 95.8 6.03
Conc1-5 4 225.4 11.4 8.24 31.34 2.87 16.73 60.4 93.6 355.9 686.2 97.3 96.8 7.20
Tail 1759.2 88.6 0.03 0.13 0.01 99.8 2.56 11.6 8850.1 2.66 3.16 92.8
Total 100.00 96.1 367.5 9536.4 100.0 100.0 100.0
Calculated feed 1984.6 0.96 3.68 95.4
Weight % Recovery %WEIGHT Mineral (%)
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
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Experimental Design Test 4 - Cumulative Mineral Grades and Recovery
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 112.2 5.63 13.9 45.41 4.85 24.25 40.7 78.2 255.7 229.1 83.2 82.3 2.39
Conc1-2 0.5 129.7 6.51 13.0 42.36 4.53 22.62 44.6 84.6 275.8 290.7 89.9 88.8 3.03
Conc1-3 2 147.1 7.39 11.9 38.53 4.15 20.58 49.6 87.9 284.7 366.2 93.4 91.6 3.82
Conc1-4 3 162.4 8.16 10.9 35.50 3.82 18.95 53.6 89.2 289.5 436.8 94.8 93.2 4.55
Conc1-5 4 173.3 8.70 10.3 33.67 3.61 17.98 56.0 89.9 292.9 487.1 95.5 94.3 5.08
Tail 1818.5 91.3 0.05 0.19 0.02 99.8 4.22 17.8 9108.2 4.49 5.72 94.9
Total 100.00 94.1 310.7 9595.3 100.0 100.0 100.0
Calculated feed 1991.8 0.94 3.11 96.0
Experimental Design Test 5 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 133.9 6.87 11.7 37.88 4.07 20.23 50.5 80.1 260.1 346.5 86.0 82.8 3.61
Conc1-2 0.5 160.6 8.24 10.5 34.17 3.66 18.25 55.3 86.4 281.5 455.8 92.7 89.6 4.75
Conc1-3 2 182.9 9.38 9.47 30.91 3.30 16.51 59.6 88.8 290.0 559.3 95.3 92.3 5.83
Conc1-4 3 197.5 10.1 8.81 28.84 3.08 15.40 62.3 89.3 292.2 631.5 95.8 93.0 6.58
Conc1-5 4 215.1 11.0 8.12 26.73 2.83 14.27 65.1 89.6 294.9 718.6 96.1 93.9 7.49
Tail 1734.9 89.0 0.04 0.22 0.01 99.7 3.60 19.3 8874.0 3.86 6.15 92.5
Total 100.00 93.2 314.2 9592.7 100.0 100.0 100.0
Calculated feed 1950.0 0.93 3.14 95.9
Experimental Design Test 6 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 116.7 5.89 12.7 43.17 4.45 23.05 44.1 75.1 254.4 259.8 80.8 79.7 2.71
Conc1-2 0.5 136.8 6.90 11.9 40.58 4.17 21.67 47.5 82.4 280.1 327.8 88.7 87.8 3.42
Conc1-3 2 161.6 8.16 10.8 37.05 3.78 19.78 52.1 88.4 302.2 425.2 95.1 94.7 4.43
Conc1-4 3 173.9 8.78 10.2 34.96 3.56 18.67 54.9 89.5 306.9 481.6 96.3 96.2 5.02
Conc1-5 4 190.7 9.62 9.36 32.13 3.27 17.16 58.5 90.1 309.2 563.2 96.9 96.9 5.87
Tail 1790.4 90.4 0.03 0.11 0.01 99.9 2.87 9.97 9024.7 3.09 3.12 94.1
Total 100.00 92.9 319.2 9587.9 100.0 100.0 100.0
Calculated feed 1981.1 0.93 3.19 95.9
Weight % Recovery %WEIGHT Mineral (%)
Mineral (%) Weight % Recovery %
Recovery %WEIGHT Mineral (%) Weight %
WEIGHT
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Experimental Design Test 7 - Cumulative Mineral Grades and Recovery
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 99.5 5.12 13.4 46.48 4.68 24.82 40.1 68.6 237.9 205.3 76.8 76.2 2.14
Conc1-2 0.5 116.8 6.01 12.9 44.96 4.52 24.01 42.1 77.7 270.1 252.9 87.0 86.5 2.64
Conc1-3 2 135.7 6.98 12.1 42.00 4.22 22.43 45.9 84.5 293.2 320.4 94.5 93.9 3.34
Conc1-4 3 155.1 7.98 10.8 37.59 3.76 20.07 51.6 86.0 299.8 411.8 96.2 96.0 4.29
Conc1-5 4 167.6 8.62 10.0 35.05 3.50 18.72 54.9 86.5 302.1 473.3 96.8 96.8 4.93
Tail 1776.6 91.4 0.03 0.11 0.01 99.9 2.90 10.1 9125.2 3.25 3.23 95.1
Total 100.00 89.4 312.2 9598.5 100.0 100.0 100.0
Calculated feed 1944.2 0.89 3.12 96.0
Experimental Design Test 8 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 109.2 5.66 13.8 50.92 4.81 27.19 35.3 78.0 288.2 199.8 82.7 81.1 2.09
Conc1-2 0.5 131.7 6.83 12.6 46.60 4.41 24.88 40.8 86.3 318.2 278.3 91.5 89.5 2.91
Conc1-3 2 153.1 7.94 11.4 41.97 3.98 22.41 46.6 90.5 333.2 370.1 96.0 93.7 3.87
Conc1-4 3 170.1 8.82 10.4 38.22 3.61 20.41 51.4 91.3 336.9 453.3 96.8 94.8 4.75
Conc1-5 4 184.8 9.58 9.58 35.52 3.34 18.97 54.9 91.7 340.2 525.8 97.2 95.7 5.51
Tail 1744.4 90.4 0.03 0.17 0.01 99.8 2.61 15.2 9024.4 2.77 4.28 94.5
Total 100.00 94.3 355.4 9550.3 100.0 100.0 100.0
Calculated feed 1929.2 0.94 3.55 95.5
Experimental Design Test 9 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 108.3 5.75 13.3 46.20 4.63 24.67 40.5 76.2 265.7 233.1 82.5 80.2 2.43
Conc1-2 0.5 127.1 6.75 12.5 43.30 4.36 23.12 44.2 84.4 292.3 298.3 91.3 88.2 3.11
Conc1-3 2 150.5 7.99 11.0 38.09 3.84 20.34 50.9 88.0 304.5 406.9 95.2 91.9 4.25
Conc1-4 3 171.5 9.11 9.72 33.69 3.39 17.99 56.6 88.5 306.9 515.5 95.8 92.6 5.38
Conc1-5 4 188.7 10.0 8.86 30.78 3.09 16.44 60.4 88.8 308.4 605.0 96.1 93.1 6.32
Tail 1693.8 90.0 0.04 0.25 0.01 99.7 3.64 22.9 8971.3 3.94 6.91 93.7
Total 100.00 92.4 331.3 9576.2 100.0 100.0 100.0
Calculated feed 1882.5 0.92 3.31 95.8
WEIGHT Mineral (%) Weight % Recovery %
Recovery %WEIGHT Mineral (%) Weight %
Recovery %WEIGHT Mineral (%) Weight %
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Experimental Design Test 10 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 94.2 4.89 13.8 46.76 4.83 24.97 39.4 67.6 228.5 192.5 73.8 70.7 2.01
Conc1-2 0.5 116.7 6.05 13.2 45.17 4.60 24.12 41.6 79.8 273.3 252.0 87.1 84.5 2.63
Conc1-3 2 144.2 7.47 11.5 39.58 4.02 21.14 48.9 86.1 295.8 365.4 94.0 91.5 3.81
Conc1-4 3 170.3 8.83 9.87 33.91 3.44 18.11 56.2 87.1 299.4 496.3 95.1 92.6 5.18
Conc1-5 4 193.8 10.0 8.70 29.93 3.04 15.98 61.4 87.5 300.8 616.6 95.5 93.0 6.43
Tail 1735.1 90.0 0.05 0.25 0.02 99.7 4.16 22.6 8968.4 4.54 6.97 93.6
Total 100.00 91.6 323.3 9585.0 100.0 100.0 100.0
Calculated feed 1928.9 0.92 3.23 95.9
Experimental Design Test 11 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 123.6 6.46 13.1 46.65 4.59 24.91 40.2 84.9 301.4 259.7 83.9 82.0 2.72
Conc1-2 0.5 151.4 7.91 11.5 41.16 4.01 21.98 47.3 91.0 325.7 374.6 89.9 88.6 3.93
Conc1-3 2 177.2 9.26 10.2 36.45 3.55 19.46 53.4 94.1 337.5 494.3 93.0 91.8 5.19
Conc1-4 3 192.7 10.1 9.41 33.80 3.28 18.05 56.8 94.7 340.2 571.7 93.6 92.6 6.00
Conc1-5 4 217.3 11.4 8.37 30.08 2.92 16.06 61.5 95.1 341.6 698.9 93.9 93.0 7.33
Tail 1696.5 88.6 0.07 0.29 0.02 99.6 6.15 25.9 8832.4 6.07 7.04 92.7
Total 100.00 101.2 367.5 9531.3 100.0 100.0 100.0
Calculated feed 1913.8 1.01 3.67 95.3
Experimental Design Test 12 - Cumulative Mineral Grades and Recovery 
Flotation
PRODUCT  time 
(min) Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Conc1 0.5 123.9 6.59 13.0 33.81 4.55 18.05 53.2 85.8 222.7 350.3 87.9 64.0 3.67
Conc1-2 0.5 145.8 7.75 11.7 32.43 4.09 17.32 55.8 91.0 251.5 433.0 93.1 72.2 4.53
Conc1-3 2 162.6 8.65 10.8 30.57 3.77 16.32 58.6 93.3 264.3 507.1 95.6 75.9 5.31
Conc1-4 3 188.5 10.0 9.40 27.45 3.28 14.66 63.2 94.2 275.1 633.0 96.5 79.0 6.63
Conc1-5 4 213.0 11.3 8.35 25.65 2.91 13.70 66.0 94.6 290.5 747.6 96.9 83.4 7.83
Tail 1667.7 88.7 0.03 0.65 0.01 99.3 3.07 57.8 8806.5 3.15 16.6 92.2
Total 100.00 97.7 348.3 9554.1 100.0 100.0 100.0
Calculated feed 1880.7 0.98 3.48 95.5
Mineral (%) Weight % Recovery %WEIGHT
WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Mineral (%) Weight % Recovery %
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Appendix D: Bulk Cleaning Tests (Separation of Pyrite from Chalcopyrite) 
 
 
 
Cleaning Test 1
Rougher Cleaner
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 1918.0
2 Con 1 33.2 1.74 6.68 40.7 37.8 0.26 0.42 11.6 70.9 65.8 0.45 0.73 36.6 36.5 22.9 35.4 0.18
2 Con 2 18.7 0.98 6.19 38.4 35.3 0.24 0.66 6.07 37.6 34.6 0.24 0.65 19.1 19.4 12.1 18.4 0.16
2 con 1-2 51.8 2.72 6.50 39.9 36.9 0.25 0.51 17.7 108.5 100.4 0.69 1.38 55.6 56.0 35.0 53.8 0.34
2 con 3 21.2 1.11 6.00 36.1 33.3 0.23 0.99 6.68 40.2 37.1 0.26 1.10 21.0 20.7 12.9 20.0 0.27
2 con 1-3 73.0 3.84 6.36 38.8 35.9 0.25 0.65 24.4 148.7 137.5 0.94 2.48 76.6 76.7 47.9 73.9 0.60
2 clnr tail 14.0 0.74 3.560 22.4 20.6 0.14 4.69 2.62 16.5 15.2 0.10 3.45 8.23 8.50 5.28 8.06 0.84
Calc'd 2 clnr feed 87.1 4.57 5.91 36.1 33.4 0.23 1.30 27.0 165.2 152.7 1.05 5.93 84.9 85.2 53.2 82.0 1.45
1 Clnr tail 21.2 1.11 2.24 14.4 13.70 0.09 3.53 2.49 15.96 15.2 0.10 3.93 7.83 8.23 5.31 7.83 0.96
Calc'd 1 clnr feed 108.2 5.68 5.19 31.9 29.5 0.20 1.73 29.5 181.2 167.9 1.15 9.86 92.7 93.4 58.5 89.8 2.40
Dilu clnr tail 57.43 3.02 0.379 1.5 3.13 0.01 2.84 1.14 4.52 9.44 0.04 8.56 3.59 2.33 3.29 3.07 2.09
Calc'd dilu clnr feed 165.66 8.70 3.52 21.35 20.39 0.14 2.12 30.64 185.69 177.35 1.19 18.42 96.3 95.8 61.8 92.9 4.49
Ro tail 1738.7 91.3 0.013 0.09 1.2 0.001 4.29 1.19 8.22 109.56 0.09 391.7 3.73 4.24 38.19 7.15 95.51
Total 100.0 31.8 193.9 286.91 1.28 410.1 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,904.36 0.32 1.94 2.87 0.01 4.10
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1918.0
2 Con 1 33.2 1.74 19.3 63.6 6.73 34.0 17.1 33.6 110.8 29.8 36.6 36.5 0.31
2 Con 2 18.7 0.98 17.9 60.2 6.24 32.2 21.9 17.5 59.0 21.5 19.1 19.5 0.22
2 con 1-2 51.8 2.72 18.8 62.4 6.56 33.3 18.8 51.1 169.8 51.2 55.6 56.0 0.53
2 con 3 21.2 1.11 17.3 56.3 6.05 30.1 26.4 19.3 62.7 29.4 21.0 20.7 0.31
2 con 1-3 73.0 3.84 18.4 60.6 6.41 32.4 21.0 70.4 232.5 80.6 76.6 76.7 0.84
2 clnr tail 14.0 0.74 10.3 35.2 3.59 18.8 54.5 7.57 25.9 40.1 8.23 8.55 0.42
Calc'd 2 clnr feed 87.1 4.57 17.1 56.5 5.95 30.2 26.4 78.0 258.4 120.7 84.9 85.3 1.26
1 Clnr tail 21.2 1.11 6.47 22.6 2.26 12.1 70.9 7.20 25.2 78.8 7.83 8.31 0.82
Calc'd 1 clnr feed 108.2 5.68 15.0 49.9 5.23 26.6 35.1 85.2 283.6 199.6 92.68 93.58 2.08
Dilu clnr tail 57.43 3.02 1.09 2.09 0.38 1.12 96.8 3.30 6.31 292.0 3.59 2.08 3.04
Calc'd dilu clnr feed 165.66 8.70 10.2 33.3 3.55 17.8 56.5 88.5 289.9 491.5 96.27 95.66 5.12
Ro tail 1738.7 91.3 0.04 0.14 0.01 0.08 99.8 3.43 13.1 9113.5 3.73 4.34 94.88
Total 100.0 91.9 303.0 9605.0 100.0 100.0 100.0
Calc'd Ro feed 1,904.36 0.92 3.03 96.05
Weight % Recovery %PRODUCT WEIGHT Mineral (%)
Metal weight % Recovery %PRODUCT WEIGHT Metal Assay (%)
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Cleaning Test 2
Rougher Cleaner
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 1952.0
2 Con 1 29.7 1.53 8.97 38.7 36.4 0.21 0.56 13.7 59.2 55.7 0.33 0.86 43.3 30.1 19.1 22.4 0.20
2 Con 2 21.2 1.10 7.11 37.5 34.5 0.21 0.93 7.79 41.1 37.8 0.23 1.02 24.6 20.9 12.9 15.7 0.24
2 con 1-2 50.9 2.63 8.19 38.2 35.6 0.21 0.71 21.5 100.3 93.5 0.56 1.88 67.8 50.9 32.0 38.1 0.45
2 con 3 21.9 1.13 5.20 34.5 31.4 0.15 1.38 5.88 39.0 35.5 0.17 1.56 18.5 19.8 12.2 11.7 0.37
2 con 1-3 72.8 3.76 7.29 37.1 34.3 0.19 0.91 27.4 139.3 129.0 0.73 3.44 86.3 70.7 44.2 49.9 0.82
2 clnr tail 25.7 1.32 1.170 31.3 28.4 0.16 1.93 1.55 41.4 37.6 0.21 2.56 4.88 21.0 12.9 14.5 0.61
Calc'd 2 clnr feed 98.5 5.08 5.70 35.6 32.8 0.19 1.18 28.9 180.7 166.6 0.94 5.99 91.2 91.7 57.0 64.4 1.43
1 Clnr tail 14.1 0.72 0.98 4.07 4.88 0.04 3.80 0.71 2.95 3.54 0.03 2.75 2.24 1.50 1.21 2.08 0.66
Calc'd 1 clnr feed 112.5 5.80 5.11 31.6 29.3 0.17 1.51 29.6 183.7 170.1 0.97 8.74 93.5 93.2 58.3 66.4 2.09
Dilu clnr tail 47.76 2.46 0.36 1.32 2.93 0.01 4.67 0.88 3.25 7.22 0.03 11.5 2.78 1.65 2.47 2.19 2.74
Calc'd dilu clnr feed 160.29 8.27 3.69 22.61 21.45 0.12 2.45 30.53 186.92 177.32 1.00 20.25 96.2 94.9 60.7 68.6 4.83
Ro tail 1778.5 91.7 0.013 0.11 1.25 0.005 4.35 1.19 10.09 114.67 0.46 399.0 3.76 5.12 39.27 31.37 95.17
Total 100.0 31.7 197.0 291.99 1.46 419.3 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,938.79 0.32 1.97 2.92 0.01 4.19
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1952.0
2 Con 1 29.7 1.53 25.9 55.5 9.04 29.7 18.6 39.6 85.0 28.4 43.3 27.5 0.30
2 Con 2 21.2 1.10 20.5 56.8 7.17 30.3 22.7 22.5 62.2 24.8 24.6 20.1 0.26
2 con 1-2 50.9 2.63 23.7 56.1 8.26 29.9 20.3 62.1 147.2 53.2 67.8 47.6 0.55
2 con 3 21.9 1.13 15.0 54.8 5.24 29.3 30.2 17.0 61.9 34.1 18.5 20.0 0.36
2 con 1-3 72.8 3.76 21.1 55.7 7.35 29.7 23.3 79.1 209.1 87.3 86.3 67.7 0.91
2 clnr tail 25.7 1.32 3.38 56.4 1.18 30.1 40.2 4.47 74.7 53.2 4.88 24.2 0.55
Calc'd 2 clnr feed 98.5 5.08 16.5 55.9 5.74 29.8 27.7 83.6 283.8 140.6 91.2 91.8 1.46
1 Clnr tail 14.1 0.72 2.83 5.77 0.99 3.08 91.4 2.05 4.18 66.2 2.24 1.35 0.69
Calc'd 1 clnr feed 112.5 5.80 14.8 49.6 5.15 26.5 35.6 85.6 288.0 206.8 93.46 93.18 2.15
Dilu clnr tail 47.8 2.46 1.03 1.80 0.36 0.96 97.2 2.55 4.42 239.4 2.78 1.43 2.49
Calc'd dilu clnr feed 160.3 8.27 10.7 35.4 3.72 18.9 54.0 88.2 292.4 446.2 96.24 94.61 4.65
Ro tail 1778.5 91.7 0.04 0.18 0.01 0.10 99.8 3.44 16.6 9153.2 3.76 5.39 95.35
Total 100.0 91.6 309.0 9599.3 100.0 100.0 100.0
Calc'd Ro feed 1,938.79 0.92 3.09 95.99
PRODUCT WEIGHT Metal Assay (%) Metal weight % Recovery %
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
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Cleaning Test 3
Rougher Cleaner
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 1903.0
2 Con 1 29.1 1.54 14.0 34.3 33.2 1.83 0.71 21.5 52.8 51.1 2.82 1.09 67.5 26.2 17.5 23.3 0.26
2 Con 2 14.8 0.78 5.02 32.1 29.2 2.16 1.63 3.92 25.1 22.8 1.69 1.27 12.3 12.5 7.80 14.0 0.30
2 con 1-2 43.9 2.32 11.0 33.6 31.9 1.94 1.02 25.5 77.8 73.9 4.50 2.37 79.8 38.7 25.3 37.2 0.56
2 con 3 3.02 0.16 3.68 23.5 20.9 1.41 2.74 0.59 3.75 3.34 0.23 0.44 1.84 1.87 1.14 1.86 0.10
2 con 1-3 46.9 2.48 10.5 32.9 31.1 1.91 1.13 26.0 81.6 77.2 4.73 2.80 81.6 40.6 26.4 39.1 0.66
2 clnr tail 41.9 2.21 0.78 37.8 33.2 2.26 1.36 1.72 83.7 73.5 5.00 3.01 5.38 41.6 25.1 41.3 0.71
Calc'd 2 clnr feed 88.8 4.69 5.92 35.2 32.1 2.07 1.24 27.8 165.3 150.8 9.72 5.82 87.0 82.2 51.6 80.4 1.37
1 Clnr tail 24.2 1.28 1.37 15.2 14.00 1.23 3.46 1.75 19.39 17.9 1.57 4.43 5.47 9.64 6.13 13.0 1.04
Calc'd 1 clnr feed 113.0 5.97 4.94 30.9 28.2 1.89 1.71 29.5 184.7 168.7 11.3 10.2 92.5 91.8 57.7 93.4 2.41
Dilu clnr tail 42.07 2.23 0.34 1.65 3.19 0.15 4.69 0.75 3.67 7.10 0.33 10.4 2.36 1.82 2.43 2.76 2.46
Calc'd dilu clnr feed 155.02 8.20 3.69 22.98 21.44 1.42 2.52 30.27 188.37 175.77 11.63 20.68 94.8 93.6 60.1 96.2 4.87
Ro tail 1735.68 91.8 0.02 0.14 1.27 0.005 4.40 1.65 12.85 116.59 0.46 403.9 5.18 6.39 39.88 3.80 95.13
Total 100.0 31.9 201.2 292.36 12.1 424.6 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,890.70 0.32 2.01 2.92 0.12 4.25
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1903.0
2 Con 1 29.1 1.54 40.4 37.8 14.1 20.2 21.8 62.2 58.2 33.5 67.5 18.4 0.35
2 Con 2 14.8 0.78 14.5 50.6 5.06 27.0 34.9 11.3 39.6 27.2 12.3 12.5 0.28
2 con 1-2 43.9 2.32 31.7 42.1 11.1 22.5 26.2 73.5 97.7 60.7 79.8 30.9 0.63
2 con 3 3.02 0.16 10.6 37.1 3.71 19.8 52.3 1.70 5.92 8.36 1.84 1.87 0.09
2 con 1-3 46.9 2.48 30.3 41.8 10.6 22.3 27.9 75.2 103.6 69.1 81.6 32.7 0.72
2 clnr tail 41.9 2.21 2.24 69.3 0.78 37.0 28.4 4.96 153.5 63.0 5.38 48.5 0.66
Calc'd 2 clnr feed 88.8 4.69 17.1 54.8 5.96 29.3 28.1 80.2 257.2 132.0 87.0 81.2 1.38
1 Clnr tail 24.2 1.28 3.94 25.8 1.38 13.8 70.3 5.05 33.0 89.9 5.47 10.43 0.94
Calc'd 1 clnr feed 113.0 5.97 14.3 48.6 4.98 25.9 37.2 85.2 290.2 222.0 92.47 91.66 2.31
Dilu clnr tail 42.1 2.23 0.98 2.45 0.34 1.31 96.6 2.17 5.46 214.9 2.36 1.72 2.24
Calc'd dilu clnr feed 155.0 8.20 10.7 36.1 3.72 19.3 53.3 87.4 295.6 436.9 94.82 93.38 4.55
Ro tail 1735.7 91.8 0.05 0.23 0.02 0.12 99.7 4.77 20.9 9154.4 5.18 6.62 95.45
Total 100.0 92.2 316.6 9591.2 100.0 100.0 100.0
Calc'd Ro feed 1,890.70 0.92 3.17 95.91
PRODUCT WEIGHT Metal Assay (%) Metal weight % Recovery %
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
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Cleaning Test4
Rougher Cleaner
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 1868.0
2 Con 1 6.90 0.37 28.2 24.2 28.5 0.54 0.45 10.5 8.98 10.6 0.20 0.17 33.5 4.67 3.74 1.17 0.04
2 Con 2 6.11 0.33 22.8 22.5 25.1 0.77 1.13 7.50 7.40 8.25 0.25 0.37 24.0 3.84 2.92 1.47 0.09
2 con 1-2 13.0 0.70 25.7 23.4 26.9 0.65 0.77 18.0 16.4 18.8 0.45 0.54 57.5 8.51 6.65 2.64 0.13
2 con 3 2.37 0.13 11.4 18.8 18.5 0.97 2.60 1.45 2.40 2.35 0.12 0.33 4.63 1.25 0.83 0.72 0.08
2 con 1-3 15.4 0.83 23.5 22.7 25.6 0.70 1.05 19.4 18.8 21.2 0.58 0.87 62.2 9.76 7.48 3.36 0.21
2 clnr tail 59.5 3.20 1.770 37.4 33.2 2.67 1.89 5.67 119.8 106.3 8.55 6.05 18.1 62.2 37.6 49.8 1.44
Calc'd 2 clnr feed 74.9 4.03 6.22 34.4 31.6 2.26 1.72 25.1 138.5 127.5 9.13 6.92 80.3 72.0 45.0 53.1 1.65
1 Clnr tail 37.7 2.03 1.62 19.2 17.50 1.41 3.16 3.28 38.98 35.5 2.86 6.42 10.5 20.3 12.6 16.7 1.52
Calc'd 1 clnr feed 112.6 6.06 4.68 29.3 26.9 1.98 2.20 28.4 177.5 163.0 12.0 13.3 90.8 92.3 57.6 69.8 3.17
Dilu clnr tail 60.26 3.24 0.52 2.63 4.01 0.20 4.79 1.69 8.53 13.00 0.65 15.5 5.42 4.43 4.59 3.78 3.69
Calc'd dilu clnr feed 172.88 9.30 3.23 20.00 18.92 1.36 3.10 30.05 186.04 176.02 12.64 28.87 96.2 96.7 62.2 73.6 6.86
Ro tail 1685.6 90.7 0.013 0.07 1.18 0.050 4.32 1.18 6.35 107.02 4.53 391.8 3.78 3.30 37.81 26.41 93.14
Total 100.0 31.2 192.4 283.05 17.2 420.7 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,858.48 0.31 1.92 2.83 0.17 4.21
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1868.0
2 Con 1 6.90 0.37 81.5 -7.92 28.4 -4.23 26.5 30.2 -2.94 9.82 33.5 -0.98 0.10
2 Con 2 6.11 0.33 65.9 -0.91 23.0 -0.48 35.0 21.7 -0.30 11.5 24.0 -0.10 0.12
2 con 1-2 13.0 0.70 74.1 -4.63 25.9 -2.47 30.5 51.9 -3.24 21.3 57.5 -1.07 0.22
2 con 3 2.37 0.13 32.8 13.8 11.4 7.36 53.4 4.18 1.76 6.81 4.63 0.58 0.07
2 con 1-3 15.4 0.83 67.8 1.79 23.6 0.96 30.5 56.1 1.48 25.2 62.2 0.49 0.26
2 clnr tail 59.5 3.20 5.11 66.7 1.78 35.6 28.2 16.4 213.6 90.3 18.1 70.9 0.94
Calc'd 2 clnr feed 74.9 4.03 18.0 52.6 6.27 28.1 29.4 72.4 212.1 118.4 80.3 70.4 1.23
1 Clnr tail 37.7 2.03 4.66 32.9 1.63 17.6 62.4 9.47 66.8 126.7 10.50 22.17 1.32
Calc'd 1 clnr feed 112.6 6.06 13.5 46.0 4.72 24.6 40.5 81.9 278.9 245.2 90.81 92.55 2.55
Dilu clnr tail 60.3 3.24 1.51 3.94 0.53 2.10 94.6 4.89 12.8 306.6 5.42 4.24 3.19
Calc'd dilu clnr feed 172.9 9.30 9.33 31.4 3.26 16.7 59.3 86.8 291.7 551.8 96.22 96.79 5.74
Ro tail 1685.6 90.7 0.04 0.11 0.01 0.06 99.9 3.41 9.66 9056.7 3.78 3.21 94.26
Total 100.0 90.2 301.3 9608.5 100.0 100.0 100.0
Calc'd Ro feed 1,858.48 0.90 3.01 96.08
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
PRODUCT WEIGHT Metal Assay (%) Metal weight % Recovery %
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Cleaning Test 5
Rougher Cleaner pH (11.6-11.8)
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 2000.3
2 Con 1 23.7 1.19 9.34 38.4 36.0 2.22 0.36 11.1 45.8 42.9 2.65 0.43 35.4 22.5 14.9 15.4 0.10
2 Con 2 21.0 1.06 7.50 36.5 33.8 2.16 0.68 7.93 38.6 35.7 2.28 0.72 25.2 19.0 12.4 13.3 0.17
2 con 1-2 44.7 2.25 8.47 37.5 35.0 2.19 0.51 19.1 84.4 78.6 4.93 1.15 60.7 41.5 27.3 28.7 0.28
2 con 3 6.72 0.34 5.42 36.1 32.8 2.19 0.97 1.83 12.2 11.1 0.74 0.33 5.83 6.01 3.85 4.31 0.08
2 con 1-3 51.4 2.59 8.08 37.3 34.7 2.19 0.57 20.9 96.6 89.7 5.67 1.48 66.5 47.5 31.2 33.0 0.36
2 clnr tail 31.4 1.58 2.15 35.9 31.8 2.50 2.05 3.40 56.8 50.3 3.96 3.24 10.8 28.0 17.5 23.0 0.79
Calc'd 2 clnr feed 82.8 4.17 5.83 36.8 33.6 2.31 1.13 24.3 153.4 140.1 9.63 4.72 77.3 75.5 48.7 56.0 1.14
1 Clnr tail 31.5 1.58 2.50 17.4 16.25 1.30 3.74 3.96 27.48 25.7 2.06 5.92 12.6 13.5 8.94 12.0 1.44
Calc'd 1 clnr feed 114.3 5.75 4.91 31.4 28.8 2.03 1.85 28.3 180.9 165.8 11.7 10.6 89.9 89.0 57.6 68.0 2.58
Dilu clnr tail 49.51 2.49 0.72 4.88 5.89 0.37 4.43 1.79 12.16 14.68 0.92 11.0 5.69 5.99 5.10 5.36 2.68
Calc'd dilu clnr feed 163.82 8.25 3.64 23.41 21.89 1.53 2.63 30.05 193.03 180.48 12.61 21.69 95.6 95.0 62.7 73.3 5.26
Ro tail 1822.8 91.8 0.02 0.11 1.17 0.050 4.26 1.38 10.09 107.35 4.59 390.9 4.38 4.97 37.30 26.68 94.74
Total 100.0 31.4 203.1 287.83 17.2 412.6 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,986.62 0.31 2.03 2.88 0.17 4.13
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 2000.3
2 Con 1 23.7 1.19 27.0 54.3 9.42 29.0 18.7 32.1 64.7 22.3 35.4 20.1 0.23
2 Con 2 21.0 1.06 21.7 54.2 7.56 28.9 24.1 22.9 57.3 25.5 25.2 17.9 0.27
2 con 1-2 44.7 2.25 24.5 54.2 8.54 29.0 21.3 55.1 122.0 47.9 60.7 38.0 0.50
2 con 3 6.72 0.34 15.7 57.4 5.46 30.6 27.0 5.30 19.4 9.12 5.83 6.04 0.10
2 con 1-3 51.4 2.59 23.3 54.6 8.14 29.2 22.0 60.4 141.4 57.0 66.5 44.0 0.59
2 clnr tail 31.4 1.58 6.21 63.2 2.17 33.7 30.6 9.83 100.0 48.5 10.8 31.1 0.51
Calc'd 2 clnr feed 82.8 4.17 16.8 57.9 5.87 30.9 25.3 70.2 241.4 105.4 77.3 75.2 1.10
1 Clnr tail 31.5 1.58 7.22 27.8 2.52 14.8 65.0 11.4 44.0 103.0 12.60 13.70 1.07
Calc'd 1 clnr feed 114.3 5.75 14.2 49.6 4.95 26.5 36.2 81.6 285.4 208.4 89.93 88.88 2.17
Dilu clnr tail 49.5 2.49 2.07 7.78 0.72 4.16 90.1 5.17 19.4 224.7 5.69 6.04 2.34
Calc'd dilu clnr feed 163.8 8.25 10.5 37.0 3.67 19.7 52.5 86.8 304.8 433.1 95.62 94.92 4.52
Ro tail 1822.8 91.8 0.04 0.18 0.02 0.09 99.8 3.98 16.3 9155.1 4.38 5.08 95.48
Total 100.0 90.8 321.1 9588.2 100.0 100.0 100.0
Calc'd Ro feed 1,986.62 0.91 3.21 95.88
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
PRODUCT WEIGHT Metal Assay (%) Metal weight % Recovery %
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Cleaning Test 6
Rougher Cleaner pH (11.7-11.85)
PRODUCT
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 1971.0
2 Con 1 15.9 0.8 20.5 26.4 27.2 1.01 0.90 16.8 21.6 22.2 0.83 0.74 55.1 12.4 8.43 5.65 0.18
2 Con 2 16.5 0.8 9.30 25.4 23.6 1.36 1.87 7.89 21.5 20.0 1.15 1.59 25.9 12.4 7.59 7.90 0.39
2 con 1-2 32.5 1.7 14.8 25.9 25.4 1.19 1.39 24.7 43.1 42.3 1.98 2.32 81.1 24.7 16.0 13.6 0.58
2 con 3 5.93 0.3 3.59 19.1 17.6 1.10 2.89 1.09 5.81 5.35 0.33 0.88 3.59 3.33 2.03 2.29 0.22
2 con 1-3 38.4 2.0 13.1 24.8 24.2 1.17 1.62 25.7 48.9 47.6 2.31 3.20 84.7 28.1 18.0 15.8 0.79
2 clnr tail 41.8 2.1 0.72 37.1 32.8 2.40 1.61 1.55 79.6 70.4 5.15 3.46 5.10 45.6 26.7 35.3 0.86
Calc'd 2 clnr feed 80.3 4.1 6.63 31.2 28.7 1.81 1.62 27.3 128.6 118.0 7.47 6.66 89.8 73.7 44.7 51.1 1.65
1 Clnr tail 25.5 1.3 0.75 24.2 21.70 1.71 3.08 0.98 31.64 28.4 2.24 4.03 3.24 18.1 10.7 15.3 1.00
Calc'd 1 clnr feed 105.7 5.4 5.21 29.5 27.0 1.79 1.97 28.3 160.2 146.4 9.70 10.7 93.0 91.8 55.5 66.4 2.65
Dilu clnr tail 49.37 2.5 0.30 1.27 2.81 0.12 4.72 0.75 3.22 7.12 0.30 12.0 2.47 1.84 2.70 2.08 2.96
Calc'd dilu clnr feed 155.11 8.0 3.65 20.54 19.29 1.26 2.85 29.03 163.43 153.50 10.00 22.64 95.5 93.7 58.2 68.5 5.61
Ro tail 1794.4 92.0 0.02 0.12 1.2 0.050 4.14 1.38 11.05 110.45 4.60 381.1 4.54 6.33 41.85 31.51 94.39
Total 100.0 30.4 174.5 263.95 14.6 403.7 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,949.51 0.30 1.74 2.64 0.15 4.04
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1971.0
2 Con 1 15.9 0.8 59.2 10.7 20.7 5.73 30.0 48.4 8.78 24.6 55.1 3.26 0.25
2 Con 2 16.5 0.8 26.9 30.0 9.38 16.0 43.1 22.8 25.5 36.6 25.9 9.45 0.38
2 con 1-2 32.5 1.7 42.7 20.6 14.9 11.0 36.7 71.2 34.2 61.2 81.1 12.7 0.63
2 con 3 5.93 0.3 10.4 29.0 3.62 15.5 60.6 3.15 8.82 18.4 3.59 3.27 0.19
2 con 1-3 38.4 2.0 37.7 21.9 13.2 11.7 40.4 74.4 43.1 79.6 84.7 16.0 0.83
2 clnr tail 41.8 2.1 2.09 68.1 0.73 36.4 29.8 4.48 146.2 64.0 5.10 54.3 0.66
Calc'd 2 clnr feed 80.3 4.1 19.2 46.0 6.68 24.5 34.9 78.8 189.2 143.6 89.8 70.3 1.49
1 Clnr tail 25.5 1.3 2.18 43.9 0.76 23.4 53.9 2.84 57.4 70.5 3.24 21.31 0.73
Calc'd 1 clnr feed 105.7 5.4 15.1 45.5 5.26 24.3 39.5 81.7 246.6 214.1 92.99 91.58 2.22
Dilu clnr tail 49.4 2.5 0.85 1.82 0.30 0.97 97.3 2.17 4.61 246.5 2.47 1.71 2.56
Calc'd dilu clnr feed 155.1 8.0 10.5 31.6 3.68 16.9 57.9 83.8 251.2 460.5 95.46 93.29 4.78
Ro tail 1794.4 92.0 0.04 0.20 0.02 0.10 99.8 3.99 18.1 9182.3 4.54 6.71 95.22
Total 100 87.8 269.3 9642.8 100.0 100.0 100.0
Calc'd Ro feed 1,949.51 0.88 2.69 96.43
WEIGHT Metal Assay (%)
PRODUCT WEIGHT Mineral (%)
Metal weight % Recovery %
Weight % Recovery %
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Cleaning Test 7
Rougher Cleaner pH (11.85-11.90), 5 g/t PAX, 2.5 g/t RTD11A
PRODUCT
Gram % Cu S Fe Au (g/t) Ca Cu S Fe Au Ca Cu S Fe Au Ca
Mill feed 1986.0
2 Con 1 8.95 0.5 26.1 21.8 23.9 50.1 0.95 11.9 9.90 10.9 22.7 0.43 40.4 4.99 3.94 23.3 0.11
2 Con 2 9.11 0.5 17.6 17.4 18.1 45.9 1.92 8.13 8.04 8.37 21.2 0.89 27.7 4.05 3.03 21.7 0.22
2 con 1-2 18.1 0.9 21.8 19.6 21.0 48.0 1.44 20.0 17.9 19.2 44.0 1.32 68.2 9.04 6.97 45.0 0.33
2 con 3 2.51 0.1 5.40 8.89 8.99 19.0 3.77 0.69 1.13 1.14 2.41 0.48 2.35 0.57 0.42 2.47 0.12
2 con 1-3 20.6 1.0 19.8 18.3 19.5 44.4 1.72 20.7 19.1 20.4 46.4 1.80 70.5 9.61 7.39 47.5 0.45
2 clnr tail 17.2 0.9 3.69 21.0 18.3 11.7 4.45 3.21 18.3 15.9 10.1 3.87 11.0 9.20 5.78 10.4 0.97
Calc'd 2 clnr feed 37.7 1.9 12.5 19.5 19.0 29.5 2.96 23.9 37.3 36.3 56.5 5.67 81.5 18.8 13.2 57.9 1.42
1 Clnr tail 69.4 3.5 0.76 39.7 34.40 6.46 1.41 2.69 139.70 121.1 22.73 4.96 9.16 70.4 43.9 23.3 1.24
Calc'd 1 clnr feed 107.1 5.4 4.89 32.6 29.0 14.6 1.96 26.6 177.1 157.3 79.2 10.6 90.6 89.2 57.1 81.2 2.66
Dilu clnr tail 37.33 1.9 0.62 3.5 4.75 1.37 4.60 1.17 6.63 9.00 2.59 8.71 4.01 3.34 3.26 2.66 2.18
Calc'd dilu clnr feed 144.41 7.3 3.79 25.07 22.70 11.2 2.64 27.74 183.68 166.34 81.84 19.34 94.6 92.5 60.3 83.9 4.83
Ro tail 1826.6 92.7 0.02 0.16 1.18 0.17 4.11 1.58 14.83 109.35 15.75 380.9 5.37 7.47 39.67 16.14 95.17
Total 100.0 29.3 198.5 275.69 97.6 400.2 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,971.01 0.29 1.99 2.76 0.98 4.00
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1986.0
2 Con 1 8.95 0.5 75.4 -8.45 26.3 -4.51 33.1 34.2 -3.84 15.0 40.4 -1.21 0.16
2 Con 2 9.11 0.5 50.8 -0.64 17.7 -0.34 49.8 23.5 -0.30 23.0 27.7 -0.09 0.24
2 con 1-2 18.1 0.9 63.0 -4.51 22.0 -2.41 41.5 57.7 -4.13 38.0 68.2 -1.31 0.40
2 con 3 2.51 0.1 15.6 6.45 5.44 3.45 77.9 1.99 0.82 9.93 2.35 0.26 0.10
2 con 1-3 20.6 1.0 57.2 -3.17 20.0 -1.69 46.0 59.7 -3.31 48.0 70.5 -1.05 0.50
2 clnr tail 17.2 0.9 10.7 32.4 3.72 17.3 57.0 9.27 28.2 49.6 11.0 8.90 0.52
Calc'd 2 clnr feed 37.7 1.9 36.1 13.0 12.6 6.93 51.0 69.0 24.8 97.5 81.5 7.85 1.02
1 Clnr tail 69.4 3.5 2.20 72.9 0.77 38.9 24.9 7.76 256.6 87.6 9.16 81.09 0.91
Calc'd 1 clnr feed 107.1 5.4 14.1 51.8 4.93 27.7 34.1 76.7 281.4 185.1 90.62 88.94 1.93
Dilu clnr tail 37.3 1.9 1.79 5.38 0.63 2.87 92.8 3.39 10.2 175.8 4.01 3.22 1.83
Calc'd dilu clnr feed 144.4 7.3 10.9 39.8 3.82 21.3 49.3 80.1 291.6 360.9 94.63 92.16 3.76
Ro tail 1826.6 92.7 0.05 0.27 0.02 0.14 99.7 4.55 24.8 9238.0 5.37 7.84 96.24
Total 100 84.7 316.4 9598.9 100.0 100.0 100.0
Calc'd Ro feed 1,971.01 0.85 3.16 95.99
Recovery %
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Metal Assay (%) Metal weight %
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Appendix E: Bulk Flotation Rougher Concentrate Cleaning with NaCN Addition  
 
 
 
Pyrite Depression by NaCN - Test 1
Rougher Cleaner pH (10-10.5), 5 g/t PAX, 2.5 g/t RTD11A, 50 g/t NaCN
PRODUCT
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 2005.0
2 Con 1 3.81 0.2 28.9 21.6 24.5 0.28 0.66 5.52 4.13 4.68 0.05 0.13 17.1 1.93 1.63 0.56 0.03
2 Con 2 9.53 0.5 26.5 20.2 22.7 0.25 0.86 12.7 9.65 10.8 0.12 0.41 39.3 4.51 3.78 1.26 0.11
2 con 1-2 13.3 0.7 27.2 20.6 23.2 0.26 0.80 18.2 13.8 15.5 0.17 0.54 56.4 6.44 5.42 1.82 0.14
2 con 3 2.06 0.1 19.6 16.4 17.8 0.34 1.85 2.02 1.69 1.84 0.04 0.19 6.26 0.79 0.64 0.37 0.05
2 con 1-3 15.4 0.8 26.2 20.0 22.5 0.27 0.94 20.2 15.5 17.4 0.21 0.73 62.7 7.23 6.06 2.19 0.19
2 clnr tail 22.8 1.1 5.93 23.5 20.6 1.07 3.57 6.77 26.8 23.5 1.22 4.08 21.0 12.5 8.21 12.9 1.06
Calc'd 2 clnr feed 38.2 1.9 14.1 22.1 21.4 0.75 2.51 27.0 42.3 40.9 1.43 4.80 83.7 19.8 14.3 15.1 1.25
1 Clnr tail 70.3 3.5 0.67 41.2 35.10 0.85 0.88 2.35 145.21 123.7 3.00 3.10 7.28 67.9 43.2 31.5 0.81
Calc'd 1 clnr feed 108.5 5.4 5.39 34.5 30.3 0.81 1.45 29.3 187.5 164.6 4.43 7.91 91.0 87.7 57.4 46.6 2.05
Dilu clnr tail 34.53 1.7 0.61 3.46 4.55 0.25 4.50 1.06 5.99 7.88 0.43 7.79 3.28 2.80 2.75 4.56 2.02
Calc'd dilu clnr feed 142.98 7.2 4.24 26.99 24.05 0.68 2.19 30.38 193.51 172.48 4.86 15.70 94.2 90.5 60.2 51.1 4.08
Ro tail 1851.0 92.8 0.02 0.22 1.23 0.050 3.98 1.86 20.42 114.18 4.64 369.5 5.76 9.55 39.83 48.86 95.92
Total 100.0 32.2 213.9 286.67 9.50 385.2 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,994.00 0.32 2.14 2.87 0.10 3.85
1.95413842
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 2005.0
2 Con 1 3.81 0.2 83.5 -14.11 29.1 -7.53 30.6 16.0 -2.70 5.85 17.1 -0.79 0.06
2 Con 2 9.53 0.5 76.5 -12.20 26.7 -6.51 35.7 36.6 -5.83 17.0 39.3 -1.72 0.18
2 con 1-2 13.3 0.7 78.5 -12.74 27.4 -6.81 34.2 52.5 -8.53 22.9 56.4 -2.51 0.24
2 con 3 2.06 0.1 56.5 -6.29 19.7 -3.36 49.8 5.83 -0.65 5.15 6.26 -0.19 0.05
2 con 1-3 15.4 0.8 75.6 -11.88 26.4 -6.34 36.3 58.4 -9.18 28.0 62.7 -2.70 0.29
2 clnr tail 22.8 1.1 17.1 32.8 5.98 17.5 50.1 19.6 37.5 57.2 21.0 11.0 0.60
Calc'd 2 clnr feed 38.2 1.9 40.7 14.8 14.2 7.89 44.5 77.9 28.3 85.2 83.7 8.33 0.89
1 Clnr tail 70.3 3.5 1.92 75.9 0.67 40.5 22.2 6.78 267.5 78.2 7.28 78.73 0.82
Calc'd 1 clnr feed 108.5 5.4 15.6 54.4 5.44 29.0 30.0 84.7 295.8 163.4 90.96 87.06 1.71
Dilu clnr tail 34.5 1.7 1.76 5.33 0.61 2.85 92.9 3.05 9.23 160.9 3.28 2.72 1.68
Calc'd dilu clnr feed 143.0 7.2 12.2 42.5 4.27 22.7 45.2 87.8 305.0 324.3 94.24 89.78 3.39
Ro tail 1851.0 92.8 0.06 0.37 0.02 0.20 99.6 5.36 34.7 9242.8 5.76 10.22 96.61
Total 100 93.1 339.8 9567.1 100.0 100.0 100.0
Calc'd Ro feed 1,994.00 0.93 3.40 95.67
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Metal Assay (%) Metal weight % Recovery %
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Pyrite Depression by NaCN - Test 2
Rougher Cleaner pH (10-10), 5 g/t PAX, 2.5 g/t RTD11A, 50 g/t NaCN
PRODUCT
Gram % Cu S Fe Au g/t Ca Cu S Fe As Ca Cu S Fe Au Ca
Mill feed 2014.0
2 Con 1 15.9 0.8 17.9 25.7 25.8 49.5 1.08 14.2 20.4 20.5 39.2 0.86 39.9 9.52 6.77 29.0 0.21
2 Con 2 19.3 1.0 10.4 24.3 22.9 39.2 1.89 10.0 23.4 22.1 37.8 1.82 28.2 10.9 7.30 27.9 0.45
2 con 1-2 35.2 1.8 13.8 24.9 24.2 43.8 1.52 24.2 43.8 42.5 77.0 2.68 68.1 20.5 14.1 56.9 0.66
2 con 3 9.67 0.5 4.98 22.3 20.4 19.7 2.55 2.40 10.8 9.85 9.49 1.23 6.77 5.03 3.26 7.00 0.30
2 con 1-3 44.9 2.2 11.9 24.4 23.4 38.6 1.75 26.6 54.6 52.4 86.5 3.91 74.9 25.5 17.3 63.9 0.96
2 clnr tail 22.2 1.1 1.84 34.8 30.8 10.0 1.86 2.04 38.6 34.1 11.1 2.06 5.75 18.0 11.3 8.18 0.51
Calc'd 2 clnr feed 67.1 3.3 8.55 27.8 25.8 29.2 1.78 28.6 93.1 86.5 97.6 5.97 80.6 43.5 28.6 72.1 1.47
1 Clnr tail 44.6 2.2 0.68 37.3 33.20 6.17 1.31 1.50 83.02 73.9 13.73 2.92 4.23 38.8 24.4 10.1 0.72
Calc'd 1 clnr feed 111.6 5.6 5.40 31.6 28.8 20.0 1.59 30.1 176.2 160.4 111.3 8.89 84.9 82.3 53.1 82.2 2.18
Dilu clnr tail 40.94 2.0 0.64 3.58 4.8 2.30 4.55 1.31 7.32 9.81 4.70 9.30 3.69 3.42 3.25 3.47 2.28
Calc'd dilu clnr feed 152.58 7.6 4.13 24.09 22.35 15.2 2.39 31.43 183.48 170.23 116.05 18.19 88.5 85.8 56.3 85.7 4.47
Ro tail 1850.3 92.4 0.04 0.33 1.43 0.210 4.21 4.06 30.49 132.11 19.40 388.9 11.45 14.25 43.70 14.32 95.53
Total 100.0 35.5 214.0 302.34 135.4 407.1 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 2,002.88 0.35 2.14 3.02 1.35 4.07
36.46891285
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 2014.0
2 Con 1 15.9 0.8 51.6 14.4 18.0 7.71 34.0 40.9 11.4 27.0 39.9 3.43 0.28
2 Con 2 19.3 1.0 30.0 25.9 10.5 13.8 44.1 29.0 24.9 42.5 28.2 7.48 0.44
2 con 1-2 35.2 1.8 39.8 20.7 13.9 11.1 39.5 69.8 36.4 69.5 68.1 10.9 0.73
2 con 3 9.67 0.5 14.4 32.4 5.02 17.3 53.3 6.95 15.6 25.7 6.77 4.68 0.27
2 con 1-3 44.9 2.2 34.3 23.2 12.0 12.4 42.5 76.8 52.0 95.2 74.9 15.6 1.00
2 clnr tail 22.2 1.1 5.31 61.7 1.85 32.9 33.0 5.89 68.4 36.6 5.75 20.5 0.38
Calc'd 2 clnr feed 67.1 3.3 24.7 36.0 8.62 19.2 39.3 82.7 120.4 131.7 80.6 36.1 1.38
1 Clnr tail 44.6 2.2 1.95 68.6 0.68 36.6 29.5 4.34 152.6 65.6 4.23 45.74 0.69
Calc'd 1 clnr feed 111.6 5.6 15.6 49.0 5.45 26.2 35.4 87.0 273.0 197.4 84.86 81.82 2.06
Dilu clnr tail 40.9 2.0 1.85 5.50 0.65 2.93 92.7 3.78 11.2 189.4 3.69 3.37 1.98
Calc'd dilu clnr feed 152.6 7.6 11.9 37.3 4.16 19.9 50.8 90.8 284.3 386.7 88.55 85.19 4.04
Ro tail 1850.3 92.4 0.13 0.53 0.04 0.29 99.3 11.7 49.4 9177.0 11.45 14.81 95.96
Total 100 102.5 333.7 9563.8 100.0 100.0 100.0
Calc'd Ro feed 2,002.88 1.03 3.34 95.64
WEIGHTPRODUCT
Recovery %Metal weight %Metal Assay (%)WEIGHT
Recovery %Weight %Mineral (%)
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Pyrite Depression by NaCN - Test 3
Rougher Cleaner pH (10.3-10.5), 5 g/t PAX, 2.5 g/t RTD11A, 50 g/t NaCN
PRODUCT
Gram % Cu S Fe As Ca Cu S Fe As Ca Cu S Fe As Ca
Mill feed 2007.0
2 Con 1 15.9 0.8 21.5 21.9 24.7 0.71 1.47 17.1 17.4 19.7 0.57 1.17 51.0 8.38 6.50 3.30 0.28
2 Con 2 12.9 0.6 13.1 20.1 20.6 0.95 2.64 8.49 13.0 13.4 0.62 1.71 25.3 6.26 4.41 3.59 0.42
2 con 1-2 28.8 1.4 17.7 21.1 22.9 0.82 1.99 25.6 30.5 33.0 1.18 2.88 76.2 14.6 10.9 6.89 0.70
2 con 3 7.10 0.4 4.71 14.9 14.4 0.96 3.08 1.68 5.29 5.11 0.34 1.10 4.99 2.54 1.69 1.99 0.27
2 con 1-3 35.9 1.8 15.2 19.9 21.2 0.85 2.21 27.3 35.8 38.1 1.52 3.98 81.2 17.2 12.6 8.88 0.97
2 clnr tail 37.9 1.9 1.21 35.7 32.8 2.44 1.44 2.30 67.8 62.3 4.64 2.74 6.84 32.6 20.6 27.0 0.67
Calc'd 2 clnr feed 73.8 3.7 8.00 28.0 27.1 1.66 1.81 29.6 103.6 100.5 6.16 6.71 88.0 49.8 33.2 35.9 1.63
1 Clnr tail 49.1 2.5 0.68 34.8 31.80 2.46 1.51 1.67 85.66 78.3 6.06 3.72 4.98 41.2 25.9 35.3 0.90
Calc'd 1 clnr feed 122.9 6.2 5.07 30.7 29.0 1.98 1.69 31.3 189.3 178.7 12.2 10.4 93.0 90.9 59.0 71.2 2.54
Dilu clnr tail 40.1 2.0 0.39 1.64 3.23 0.17 4.79 0.78 3.30 6.49 0.34 9.63 2.33 1.58 2.14 1.99 2.34
Calc'd dilu clnr feed 163.02 8.2 3.92 23.56 22.66 1.54 2.45 32.05 192.55 185.23 12.56 20.06 95.4 92.5 61.2 73.2 4.88
Ro tail 1831.7 91.8 0.02 0.17 1.28 0.05 4.26 1.56 15.61 117.54 4.59 391.2 4.64 7.50 38.82 26.78 95.12
Total 100.0 33.6 208.2 302.77 17.1 411.2 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,994.72 0.34 2.08 3.03 0.17 4.11
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 2007.0
2 Con 1 15.9 0.8 62.1 0.42 21.7 0.23 37.5 49.5 0.34 29.9 51.0 0.10 0.31
2 Con 2 12.9 0.6 37.8 12.9 13.2 6.89 49.3 24.5 8.37 31.9 25.3 2.56 0.33
2 con 1-2 28.8 1.4 51.2 6.03 17.9 3.22 42.8 74.0 8.71 61.8 76.2 2.67 0.65
2 con 3 7.10 0.4 13.6 18.9 4.75 10.1 67.5 4.84 6.73 24.0 4.99 2.06 0.25
2 con 1-3 35.9 1.8 43.8 8.57 15.3 4.58 47.6 78.8 15.4 85.8 81.2 4.73 0.90
2 clnr tail 37.9 1.9 3.50 64.6 1.22 34.5 31.9 6.64 122.7 60.7 6.84 37.6 0.63
Calc'd 2 clnr feed 73.8 3.7 23.1 37.3 8.06 19.9 39.6 85.5 138.1 146.5 88.0 42.3 1.53
1 Clnr tail 49.1 2.5 1.96 63.9 0.69 34.1 34.2 4.83 157.3 84.1 4.98 48.18 0.88
Calc'd 1 clnr feed 122.9 6.2 14.7 47.9 5.12 25.6 37.4 90.3 295.4 230.5 93.02 90.51 2.41
Dilu clnr tail 40.1 2.0 1.13 2.33 0.39 1.25 96.5 2.26 4.69 194.1 2.33 1.44 2.03
Calc'd dilu clnr feed 163.0 8.2 11.3 36.7 3.95 19.6 52.0 92.6 300.1 424.6 95.36 91.95 4.43
Ro tail 1831.7 91.8 0.05 0.29 0.02 0.15 99.7 4.51 26.3 9151.9 4.64 8.05 95.57
Total 100 97.1 326.4 9576.6 100.0 100.0 100.0
Calc'd Ro feed 1,994.72 0.97 3.26 95.77
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
WEIGHT Metal Assay (%) Metal weight % Recovery %
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Appendix F: Bulk Flotation at P80 of 106 Microns 
 
 
 Test 1
Rougher Cleaner pH (11.85-11.90), 5 g/t PAX, 2.5 g/t RTD11A, P80 - 106 microns
PRODUCT
Gram % Cu S Fe Au Ca Cu S Fe Au Ca Cu S Fe Au Ca
Mill feed 1977.3
2 Con 1 7.12 0.4 30.0 23.8 26.7 73.0 0.39 10.9 8.61 9.66 26.4 0.14 35.5 4.19 3.37 27.6 0.03
2 Con 2 5.60 0.3 23.8 21.0 22.9 54.5 1.18 6.77 5.97 6.52 15.5 0.34 22.1 2.91 2.27 16.2 0.08
2 con 1-2 12.7 0.6 27.3 22.6 25.0 64.9 0.74 17.6 14.6 16.2 41.9 0.48 57.6 7.10 5.64 43.8 0.11
2 con 3 3.00 0.2 9.26 12.4 12.5 36.6 3.25 1.41 1.88 1.91 5.58 0.50 4.62 0.92 0.66 5.83 0.12
2 con 1-3 15.7 0.8 23.8 20.6 22.6 59.5 1.22 19.0 16.5 18.1 47.5 0.97 62.2 8.01 6.31 49.6 0.23
2 clnr tail 16.8 0.9 5.50 16.6 15.3 24.5 5.76 4.68 14.1 13.0 20.8 4.90 15.3 6.85 4.53 21.8 1.17
Calc'd 2 clnr feed 32.5 1.6 14.4 18.5 18.8 41.4 3.56 23.7 30.6 31.1 68.3 5.87 77.5 14.9 10.8 71.4 1.40
1 Clnr tail 84.6 4.3 0.95 34.6 30.30 4.91 2.52 4.07 148.72 130.2 21.10 10.8 13.3 72.4 45.4 22.0 2.59
Calc'd 1 clnr feed 117.1 5.9 4.67 30.1 27.1 15.0 2.81 27.8 179.3 161.3 89.4 16.7 90.9 87.2 56.3 93.4 3.99
Dilu clnr tail 47.4 2.4 0.51 3.29 4.5 1.85 4.51 1.24 7.92 10.84 4.46 10.9 4.05 3.86 3.78 4.65 2.59
Calc'd dilu clnr feed 164.47 8.4 3.47 22.40 20.60 11.2 3.30 29.02 187.19 172.13 93.90 27.57 94.9 91.1 60.0 98.1 6.58
Ro tail 1803.8 91.6 0.02 0.2 1.25 0.02 4.27 1.56 18.33 114.55 1.83 391.3 5.09 8.92 39.96 1.91 93.42
Total 100.0 30.6 205.5 286.68 95.7 418.9 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,968.27 0.31 2.06 2.87 0.96 4.19
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1977.3
2 Con 1 7.12 0.4 86.7 -12.06 30.2 -6.44 25.4 31.3 -4.36 9.19 35.5 -1.33 0.10
2 Con 2 5.60 0.3 68.7 -5.60 24.0 -2.99 36.9 19.6 -1.59 10.5 22.1 -0.49 0.11
2 con 1-2 12.7 0.6 78.8 -9.22 27.5 -4.92 30.4 50.9 -5.96 19.7 57.6 -1.82 0.21
2 con 3 3.00 0.2 26.7 5.65 9.33 3.02 67.6 4.08 0.86 10.3 4.62 0.26 0.11
2 con 1-3 15.7 0.8 68.8 -6.38 24.0 -3.41 37.5 55.0 -5.10 30.0 62.2 -1.56 0.31
2 clnr tail 16.8 0.9 15.9 20.6 5.54 11.0 63.5 13.5 17.5 54.0 15.3 5.36 0.56
Calc'd 2 clnr feed 32.5 1.6 41.5 7.54 14.5 4.03 50.9 68.5 12.4 84.0 77.5 3.80 0.88
1 Clnr tail 84.6 4.3 2.74 63.0 0.95 33.6 34.3 11.8 270.8 147.2 13.31 82.78 1.54
Calc'd 1 clnr feed 117.1 5.9 13.5 47.6 4.71 25.4 38.9 80.3 283.3 231.3 90.86 86.59 2.41
Dilu clnr tail 47.4 2.4 1.48 5.19 0.52 2.77 93.3 3.58 12.5 224.7 4.05 3.82 2.34
Calc'd dilu clnr feed 164.5 8.4 10.0 35.4 3.50 18.9 54.6 83.8 295.8 456.0 94.91 90.41 4.76
Ro tail 1803.8 91.6 0.05 0.34 0.02 0.18 99.6 4.50 31.4 9128.5 5.09 9.59 95.24
Total 100 88.3 327.1 9584.5 100.0 100.0 100.0
Calc'd Ro feed 1,968.27 0.88 3.27 95.85
WEIGHT Metal Assay (%) Metal weight % Recovery %
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
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 Test 2
Rougher Cleaner pH (11.85-11.90), 5 g/t PAX, 2.5 g/t RTD11A, P80 - 106 microns
PRODUCT
Gram % Cu S Fe Au Ca Cu S Fe Au Ca Cu S Fe Au Ca
Mill feed 1990.0
2 Con 1 7.40 0.4 27.2 23.7 25.4 64.7 0.71 10.2 8.86 9.50 24.2 0.27 29.9 4.16 3.23 22.2 0.06
2 Con 2 9.00 0.5 20.5 19.4 20.8 61.2 1.48 9.32 8.82 9.46 27.8 0.67 27.4 4.14 3.21 25.6 0.16
2 con 1-2 16.4 0.8 23.5 21.3 22.9 62.8 1.13 19.5 17.7 19.0 52.0 0.94 57.2 8.30 6.44 47.8 0.23
2 con 3 6.60 0.3 7.62 11.7 11.8 24.7 3.47 2.54 3.90 3.93 8.24 1.16 7.46 1.83 1.34 7.56 0.28
2 con 1-3 23.0 1.2 19.0 18.6 19.7 51.9 1.80 22.0 21.6 22.9 60.3 2.10 64.7 10.1 7.77 55.3 0.51
2 clnr tail 29.5 1.5 3.43 22.6 20.5 16.4 4.38 5.12 33.7 30.6 24.5 6.53 15.0 15.8 10.4 22.5 1.58
Calc'd 2 clnr feed 52.5 2.7 10.2 20.8 20.1 31.9 3.25 27.1 55.3 53.5 84.7 8.63 79.7 26.0 18.2 77.8 2.09
1 Clnr tail 71.7 3.6 0.66 37.9 33.00 4.73 2.04 2.39 137.29 119.5 17.13 7.39 7.02 64.4 40.6 15.7 1.79
Calc'd 1 clnr feed 124.2 6.3 4.71 30.7 27.6 16.2 2.55 29.5 192.6 173.0 101.8 16.0 86.7 90.4 58.8 93.5 3.89
Dilu clnr tail 54.1 2.7 0.62 2.83 4.15 1.58 4.82 1.70 7.74 11.34 4.32 13.2 5.00 3.63 3.85 3.97 3.20
Calc'd dilu clnr feed 178.32 9.0 3.47 22.23 20.46 11.8 3.24 31.24 200.32 184.35 106.17 29.19 91.7 94.0 62.6 97.5 7.08
Ro tail 1801.0 91.0 0.03 0.14 1.21 0.03 4.21 2.82 12.74 110.10 2.73 383.1 8.28 5.98 37.39 2.51 92.92
Total 100.0 34.1 213.1 294.45 108.9 412.3 100.0 100.0 100.0 100.0 100.0
Calc'd Ro feed 1,979.32 0.34 2.13 2.94 1.09 4.12
80.26
Rougher-Cleaner - Cumulative Mineral Grade-Recovery (Conversion of Element to Mineral) 33.437878
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Mill feed 1990.0
2 Con 1 7.40 0.4 78.6 -6.97 27.4 -3.72 28.4 29.4 -2.60 10.6 29.9 -0.78 0.11
2 Con 2 9.00 0.5 59.2 -2.37 20.7 -1.27 43.2 26.9 -1.08 19.6 27.4 -0.32 0.21
2 con 1-2 16.4 0.8 67.9 -4.44 23.7 -2.37 36.5 56.3 -3.68 30.2 57.2 -1.10 0.32
2 con 3 6.60 0.3 22.0 7.53 7.68 4.02 70.5 7.34 2.51 23.5 7.46 0.75 0.25
2 con 1-3 23.0 1.2 54.8 -1.01 19.1 -0.54 46.2 63.6 -1.17 53.7 64.7 -0.35 0.56
2 clnr tail 29.5 1.5 9.91 35.8 3.46 19.1 54.2 14.8 53.5 80.9 15.0 16.0 0.85
Calc'd 2 clnr feed 52.5 2.7 29.6 19.7 10.3 10.5 50.7 78.4 52.3 134.6 79.7 15.6 1.41
1 Clnr tail 71.7 3.6 1.91 69.7 0.67 37.2 28.4 6.91 252.6 102.8 7.02 75.47 1.07
Calc'd 1 clnr feed 124.2 6.3 13.6 48.6 4.74 25.9 37.8 85.3 304.9 237.4 86.72 91.10 2.48
Dilu clnr tail 54.1 2.7 1.80 4.12 0.63 2.20 94.1 4.92 11.3 257.1 5.00 3.37 2.69
Calc'd dilu clnr feed 178.3 9.0 10.0 35.1 3.50 18.7 54.9 90.2 316.1 494.5 91.72 94.46 5.17
Ro tail 1801.0 91.0 0.09 0.20 0.03 0.11 99.7 8.15 18.5 9072.4 8.28 5.54 94.83
Total 100 98.4 334.7 9566.9 100.0 100.0 100.0
Calc'd Ro feed 1,979.32 0.98 3.35 95.67
WEIGHT Metal Assay (%) Metal weight % Recovery %
PRODUCT WEIGHT Mineral (%) Weight % Recovery %
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Appendix G: Sequential Tests Results 
 
G1: Sequential Tests (Perth Ammtec Laboratory) 
 
 
 
 
 
 Test 1: Overall Pyrite/Copper Circuit (Perth Ammtec Laboratory)
Stream Mass % Mass
%Cu %S %Fe g/tAu Cu S Fe Au Cu S Fe Au
Ro Feed 4000
Cu clnr 1 Conc 65 1.63 16.80 17.30 16.10 25.40 27.43 28.25 26.29 41.48 81.88 13.93 8.91 39.44
Cu Clnr 2 Conc 12.4 0.31 3.59 5.02 5.90 74.20 1.12 1.56 1.84 23.11 3.34 0.77 0.62 21.98
Cu Clnr 1+2 Conc 77.4 1.94 14.68 15.33 14.47 33.22 28.55 29.81 28.13 64.59 85.22 14.71 9.53 61.43
Cu Ro Tail Cal 3903.3 98.06 0.05 1.76 2.72 0.41 4.95 172.91 266.99 40.56 14.78 85.29 90.47 38.57
Py clnr Conc 147.1 3.70 0.85 41.50 35.40 8.70 3.14 153.36 130.81 32.15 9.38 75.65 44.33 30.57
Py clnr Tail 41.3 1.04 0.17 0.86 2.63 3.61 0.18 0.89 2.73 3.75 0.53 0.44 0.92 3.56
Py Ro Tail 3714.9 93.32 0.02 0.20 1.43 0.05 1.63 18.66 133.45 4.67 4.87 9.21 45.22 4.44
Cu Clnr+Py Clnr 224.50 5.64 5.62 32.48 28.18 17.15 31.69 183.17 158.94 96.74 94.60 90.35 53.86 92.00
Total 33.50 202.73 295.12 105.15 100.00 100.00 100.00 100.00
ReCal feed 3980.7 0.34 2.03 2.95 1.05
 Metal Assay Weight % Recovery
Test 1: Overall Pyrite/Copper Circuit - Mineral Grade-Recovery (Perth Ammtec Laboratory) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Ro Feed 4000
Cu clnr 1 Conc 65 1.63 48.53 0.68 16.94 0.36 50.79 79.24 1.11 82.94 81.88 0.35 0.87
Cu Clnr 2 Conc 12.4 0.31 10.37 2.62 3.62 1.40 87.01 3.23 0.82 27.10 3.34 0.26 0.28
Cu Clnr 1+2 Conc 77.4 1.94 42.41 0.99 14.80 0.53 56.59 82.47 1.93 110.04 85.22 0.61 1.15
Cu Ro Tail Cal 3903.3 98.06 0.15 3.21 0.05 1.71 96.65 14.30 314.46 9476.80 14.78 99.39 98.85
Py clnr Conc 147.1 3.70 2.46 76.11 0.86 40.64 21.43 9.07 281.25 79.21 9.38 88.89 0.83
Py clnr Tail 41.3 1.04 0.49 1.29 0.17 0.69 98.22 0.51 1.34 101.90 0.53 0.42 1.06
Py Ro Tail 3714.9 93.32 0.05 0.34 0.02 0.18 99.61 4.72 31.87 9295.69 4.87 10.07 96.96
Cu Clnr+Py Clnr 224.5 5.64 16.23 50.21 5.66 26.81 33.56 91.54 283.18 189.24 94.60 89.50 1.97
Total 96.77 316.39 9586.84 100.00 100.00 100.00
ReCal feed 3980.7 0.97 3.16 95.87
Mineral (%) Weight % Recovery %PRODUCT Mass
 Test 2: Overall Pyrite/Copper Circuit (Perth Ammtec Laboratory)
Stream Mass % Mass
%Cu %S %Fe g/tAu Cu S Fe Au Cu S Fe Au
Ro Feed 4000
Cu clnr 1 Conc 44.6 1.12 22.00 21.60 19.40 28.90 24.67 24.22 21.76 32.41 74.53 11.87 7.40 31.35
Cu Clnr 2 Conc 13.3 0.33 9.40 11.20 10.40 87.90 3.14 3.75 3.48 29.40 9.50 1.84 1.18 28.43
Cu Clnr 1+2 Conc 57.9 1.46 19.11 19.21 17.33 42.45 27.82 27.97 25.23 61.81 84.02 13.71 8.58 59.78
Cu Ro Tail Cal 3919 98.54 0.05 1.79 2.73 0.42 5.29 176.08 268.76 41.58 15.99 86.30 91.42 40.23
Py clnr Conc 127.9 3.22 1.01 45.00 39.10 10.40 3.25 144.72 125.75 33.45 9.81 70.93 42.77 32.35
Py clnr Tail 35.8 0.90 0.22 3.36 4.66 0.64 0.20 3.02 4.19 0.58 0.60 1.48 1.43 0.56
Py Ro Tail 3755.3 94.43 0.02 0.30 1.47 0.08 1.84 28.33 138.81 7.55 5.56 13.88 47.22 7.31
Cu Clnr+Py Clnr 4.67 6.65 36.96 32.32 20.39 31.06 172.69 150.98 95.25 93.84 84.63 51.36 92.14
Total 33.11 204.05 293.99 103.38 100.00 100.00 100.00 100.00
ReCal feed 3976.9 0.33 2.04 2.94 1.03
 Metal Assay Weight % Recovery
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Test 2: Overall Pyrite/Copper Circuit - Mineral Grade-Recovery (Perth Ammtec Laboratory) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Ro Feed 4000
Cu clnr 1 Conc 44.6 1.12 63.55 -1.08 22.18 -0.58 37.54 71.27 -1.21 42.09 74.53 -0.38 0.44
Cu Clnr 2 Conc 13.3 0.33 27.15 3.23 9.48 1.72 69.62 9.08 1.08 23.28 9.50 0.34 0.24
Cu Clnr 1+2 Conc 57.9 1.46 55.19 -0.09 19.26 -0.05 44.91 80.35 -0.13 65.38 84.02 -0.04 0.68
Cu Ro Tail Cal 3919 98.54 0.16 3.24 0.05 1.73 96.60 15.28 319.75 9519.39 15.98 100.04 99.32
Py clnr Conc 127.9 3.22 2.92 82.36 1.02 43.98 14.72 9.38 264.89 47.34 9.81 82.88 0.49
Py clnr Tail 35.8 0.90 0.64 5.87 0.22 3.14 93.49 0.58 5.29 84.16 0.60 1.65 0.88
Py Ro Tail 3755.3 94.43 0.06 0.52 0.02 0.28 99.42 5.32 49.57 9387.89 5.56 15.51 97.95
Cu Clnr+Py Clnr 0 4.67 19.21 56.67 6.70 30.26 24.13 89.73 264.75 112.72 93.84 82.84 1.18
Total 95.62 319.61 9584.76 100.00 100.00 100.00
ReCal feed 3976.9 0.96 3.20 95.85
PRODUCT Mass Mineral (%) Weight % Recovery %
 Test 3: Overall Pyrite/Copper Circuit (Perth Ammtec Laboratory)
Stream Mass % Mass
%Cu %S %Fe g/tAu Cu S Fe Au Cu S Fe Au
Ro Feed 4000
Cu clnr 1 Conc 47.7 1.20 20.90 23.00 18.70 35.80 25.04 27.56 22.41 42.90 79.77 13.14 7.64 38.47
Cu Clnr 2 Conc 17.5 0.44 3.74 5.48 5.88 54.10 1.64 2.41 2.58 23.78 5.24 1.15 0.88 21.33
Cu Clnr 1+2 Conc 65.2 1.64 16.29 18.30 15.26 40.71 26.69 29.97 24.99 66.68 85.00 14.28 8.53 59.80
Cu Ro Tail Cal 3915.7 98.36 0.05 1.83 2.73 0.46 4.71 179.83 268.11 44.82 15.00 85.72 91.47 40.20
Py clnr Conc 127.7 3.21 0.82 46.20 38.60 11.30 2.62 148.20 123.82 36.25 8.36 70.64 42.25 32.51
Py clnr Tail 30 0.75 0.20 1.88 3.56 1.35 0.15 1.42 2.68 1.02 0.48 0.68 0.92 0.91
Py Ro Tail 3758 94.40 0.02 0.32 1.50 0.08 1.94 30.21 141.60 7.55 6.16 14.40 48.31 6.77
Cu Clnr+Py Clnr 4.85 6.05 36.77 30.71 21.24 29.31 178.17 148.81 102.93 93.36 84.93 50.77 92.31
Total 31.40 209.79 293.10 111.50 100.00 100.00 100.00 100.00
ReCal feed 3980.9 0.31 2.10 2.93 1.11
 Metal Assay Weight % Recovery
Test 3: Overall Pyrite/Copper Circuit - Mineral Grade-Recovery (Perth Ammtec Laboratory) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Ro Feed 4000
Cu clnr 1 Conc 47.7 1.20 60.37 3.62 21.07 1.93 36.01 72.34 4.33 43.15 79.77 1.30 0.45
Cu Clnr 2 Conc 17.5 0.44 10.80 3.20 3.77 1.71 86.00 4.75 1.41 37.80 5.24 0.42 0.39
Cu Clnr 1+2 Conc 65.2 1.64 47.07 3.50 16.43 1.87 49.43 77.09 5.74 80.96 85.00 1.72 0.85
Cu Ro Tail Cal 3915.7 98.36 0.14 3.33 0.05 1.78 96.53 13.60 327.86 9494.75 15.00 98.28 99.15
Py clnr Conc 127.7 3.21 2.36 84.97 0.82 45.38 12.66 7.58 272.58 40.63 8.36 81.71 0.42
Py clnr Tail 30 0.75 0.57 3.15 0.20 1.68 96.28 0.43 2.37 72.56 0.48 0.71 0.76
Py Ro Tail 3758 94.40 0.06 0.56 0.02 0.30 99.38 5.59 52.92 9381.57 6.16 15.86 97.97
Cu Clnr+Py Clnr 0 4.85 17.47 57.44 6.10 30.67 25.09 84.66 278.32 121.58 93.36 83.43 1.27
Total 90.69 333.60 9575.71 100.00 100.00 100.00
ReCal feed 3980.9 0.91 3.34 95.76
PRODUCT Mass Mineral (%) Weight % Recovery %
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G2: Sequential Tests (Brisbane JKMRC Laboratory) 
 
 
 
 
 
 Test 1: Overall Pyrite/Copper Circuit (Brisbane JKMRC Laboratory)
Stream Mass % Mass
%Cu %S %Fe g/tAu Cu S Fe Au Cu S Fe Au
Ro Feed 4015
Cu clnr 1 Conc 56.98 1.43 18.95 16.10 17.95 41.40 27.05 22.98 25.62 59.10 79.72 11.02 8.68 54.15
Cu Clnr 2 Conc 25.23 0.63 3.76 4.96 6.00 15.15 2.38 3.14 3.79 9.58 7.00 1.50 1.28 8.77
Cu Clnr 1+2 Conc 82.21 2.06 14.29 12.68 14.28 33.34 29.43 26.12 29.42 68.68 86.72 12.52 9.96 62.93
Cu Ro Tail Cal 3868.49 96.92 0.05 1.86 2.72 0.41 4.46 182.47 265.92 40.04 13.28 87.48 90.04 37.07
Py clnr Conc1 132.71 3.32 0.33 44.50 39.60 8.37 1.10 147.96 131.66 27.83 3.23 70.93 44.58 25.50
Py clnr Conc2 40.75 1.02 0.54 19.20 17.50 2.78 0.55 19.60 17.87 2.84 1.62 9.40 6.05 2.60
Py clnr Conc1+2 173.46 4.35 0.38 38.56 34.41 7.06 1.65 167.56 149.53 30.67 4.85 80.33 50.63 28.10
Py clnr Tail 99.78 2.50 0.34 3.05 4.29 3.19 0.85 7.62 10.72 7.97 2.52 3.66 3.63 7.31
Py Ro Tail 3636 91.09 0.02 0.08 1.16 0.02 2.00 7.29 105.67 1.82 5.91 3.49 35.78 1.67
Cu Clnr+Py Clnr 6.41 4.85 30.24 27.94 15.51 31.08 193.68 178.95 99.34 91.57 92.85 60.59 91.02
Total 33.93 208.59 295.34 109.14 100.00 100.00 100.00 100.00
ReCal feed 3991.45 0.34 2.09 2.95 1.09
 Metal Assay Weight % Recovery
Test 1: Overall Pyrite/Copper Circuit - Mineral Grade-Recovery (Brisbane JKMRC Laboratory) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Ro Feed 4015
Cu clnr 1 Conc 56.98 1.43 54.74 -5.62 19.10 -3.00 50.89 78.14 -8.03 72.64 81.03 -2.76 0.76
Cu Clnr 2 Conc 25.23 0.63 10.86 2.19 3.79 1.17 86.95 6.87 1.38 54.96 7.12 0.48 0.58
Cu Clnr 1+2 Conc 82.21 2.06 41.27 -3.23 14.40 -1.72 61.95 85.01 -6.64 127.60 88.15 -2.28 1.34
Cu Ro Tail Cal 3868.49 96.92 0.13 3.40 0.05 1.82 96.47 12.88 329.73 9349.34 13.35 113.35 98.30
Py clnr Conc 132.71 3.32 0.95 82.71 0.33 44.17 16.34 3.17 275.00 54.32 3.29 94.54 0.57
Py clnr Tail 99.78 2.50 0.99 5.07 0.34 2.71 93.95 2.47 12.66 234.85 2.56 4.35 2.47
Py Ro Tail 3636 91.09 0.06 0.11 0.02 0.06 99.83 5.79 9.86 9093.82 6.00 3.39 95.62
Cu Clnr+Py Clnr 0 6.41 14.01 47.46 4.89 25.35 38.52 88.17 304.03 246.76 91.44 104.52 2.59
Total 96.43 290.88 9510.59 100.00 100.00 100.00
ReCal feed 3991.45 0.96 2.91 95.11
PRODUCT Mass Mineral (%) Weight % Recovery %
 Test 2: Overall Pyrite/Copper Circuit (Brisbane JKMRC Laboratory)
Stream Mass % Mass
%Cu %S %Fe g/tAu Cu S Fe Au Cu S Fe Au
Ro Feed 3883
Cu clnr 1 Conc 60.26 1.56 17.95 14.60 17.00 41.00 28.01 22.79 26.53 63.99 84.66 11.20 9.07 57.02
Cu Clnr 2 Conc 21.01 0.54 2.47 3.01 4.39 15.85 1.34 1.64 2.39 8.62 4.06 0.80 0.82 7.69
Cu Clnr 1+2 Conc 81.27 2.10 13.95 11.60 13.74 34.50 29.36 24.42 28.92 72.61 88.73 12.00 9.89 64.71
Cu Ro Tail Cal 3741.56 96.90 0.04 1.83 2.69 0.40 3.69 179.10 263.47 39.20 11.27 88.00 90.11 35.29
Py clnr Conc1 131.04 3.39 0.37 42.80 38.40 8.52 1.27 145.26 130.32 28.92 3.84 71.37 44.57 25.77
Py clnr Conc2 38.3 0.99 0.68 21.10 18.85 4.77 0.70 21.54 19.24 4.87 2.11 10.58 6.58 4.34
Py clnr Conc1+2 169.34 4.39 0.45 38.38 34.42 7.77 1.97 166.80 149.57 33.79 5.94 81.95 51.15 30.11
Py clnr Tail 90.12 2.33 0.37 2.54 3.88 0.54 0.85 5.93 9.06 1.26 2.57 2.91 3.10 1.12
Py Ro Tail 3520.4 91.18 0.01 0.07 1.15 0.05 0.91 6.38 104.85 4.56 2.76 3.14 35.86 4.06
Cu Clnr+Py Clnr 6.49 4.83 29.46 27.50 16.39 31.32 191.22 178.49 106.40 94.67 93.95 61.04 94.81
Total 33.09 203.53 292.40 112.22 100.00 100.00 100.00 100.00
ReCal feed 3861.13 0.33 2.04 2.92 1.12
 Metal Assay Weight % Recovery
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Test 2: Overall Pyrite/Copper Circuit - Mineral Grade-Recovery (Brisbane JKMRC Laboratory) 
Gram % CuFeS2 FeS2 % S in Cpy % S in Py NSG CuFeS2 FeS2 NSG CuFeS2 FeS2 NSG
Ro Feed 3883
Cu clnr 1 Conc 60.26 1.56 51.85 -6.55 18.10 -3.50 54.70 80.92 -10.22 85.36 86.49 -3.65 0.90
Cu Clnr 2 Conc 21.01 0.54 7.13 0.97 2.49 0.52 91.89 3.88 0.53 50.00 4.15 0.19 0.52
Cu Clnr 1+2 Conc 81.27 2.10 40.29 -4.60 14.06 -2.46 64.31 84.80 -9.69 135.37 90.64 -3.46 1.42
Cu Ro Tail Cal 3741.56 96.90 0.11 3.35 0.04 1.79 96.54 10.66 325.02 9354.64 11.40 116.22 98.18
Py clnr Conc 131.04 3.39 1.08 79.44 0.38 42.42 19.48 3.67 269.62 66.10 3.92 96.41 0.69
Py clnr Tail 90.12 2.33 1.05 4.07 0.37 2.17 94.88 2.46 9.49 221.45 2.63 3.39 2.32
Py Ro Tail 3520.4 91.18 0.03 0.11 0.01 0.06 99.86 2.63 10.23 9104.67 2.81 3.66 95.56
Cu Clnr+Py Clnr 0 6.49 13.94 46.06 4.87 24.60 40.00 88.47 298.96 259.62 94.56 106.90 2.72
Total 93.56 279.66 9527.59 100.00 100.00 100.00
ReCal feed 3861.13 0.94 2.80 95.28
PRODUCT Mass Mineral (%) Weight % Recovery %
Developing a Bulk Circuit Suitable for Chalcopyrite-Pyrite Ores with Elevated Pyrite Content in Copper-Gold Ore Treatment 
____________________________________________________________________________________________________ 
 
 
186 
 
Appendix H: Robustness Tests Results 
 
Robustness Rougher Test 1
pH (Natural), 5 g/t PAX,2.5 g/t RTD11A, 50 g/t CuSO4.5H2O, N2 purged in water and mill, 8 g Fe powder, Mill Eh: 74 mV SHE
PRODUCT
Gram % Cu S Fe Cu S Fe Cu S Fe
Mill feed 1958.0
Ro Con 118.0 6.1 4.42 29.0 26.4 26.8 175.8 160.1 92.5 88.6 49.8
Ro tail 1828.0 93.9 0.02 0.24 1.72 2.16 22.54 161.57 7.46 11.36 50.23
Total 100.0 29.0 198.4 321.7 100.0 100.0 100.0
Calc'd Ro feed 1,946.00 0.29 1.98 3.22
Robustness Rougher Test 2
pH (Natural), 10 g/t PAX, 5 g/t RTD11A, 50 g/t CuSO4.5H2O, N2 purged in water and mill, 8 g Fe powder, Mill Eh:44 mV SHE
PRODUCT
Gram % Cu S Fe Cu S Fe Cu S Fe
Mill feed 1921.0
Ro Con 166.5 8.7 3.74 23.1 21.6 32.6 201.5 188.4 95.2 95.7 55.7
Ro tail 1742.5 91.3 0.02 0.1 1.64 1.64 9.13 149.70 4.80 4.33 44.28
Total 100.0 34.3 210.6 338.09 100.0 100.0 100.0
Calc'd Ro feed 1,909.00 0.34 2.11 3.38
Robustness Rougher Test 3
pH (Natural), 20 g/t PAX, 10 g/t RTD11A, 50 g/t CuSO4.5H2O, N2 purged in water and mill, 8 g Fe powder, Mill Eh:64 mV SHE
PRODUCT
Gram % Cu S Fe Cu S Fe Cu S Fe
Mill feed 1921.0
Ro Con 173.5 8.7 3.58 24.0 22.4 31.3 209.8 195.8 96.6 97.5 55.9
Ro tail 1811.5 91.3 0.01 0.06 1.69 1.10 5.48 154.23 3.38 2.54 44.06
Total 100.0 32.4 215.2 350.02 100.0 100.0 100.0
Calc'd Ro feed 1,909.00 0.32 2.15 3.50
WEIGHT Metal Assay (%) Metal weight % Recovery %
WEIGHT Metal Assay (%) Metal weight % Recovery %
WEIGHT Metal Assay (%) Metal weight % Recovery %
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Robustness Full Circuit Test 4
pH (Natural), 10 g/t PAX, 5 g/t RTD11A, 50 g/t CuSO4.5H2O, N2 purged in water and mill, 8 g Fe powder, Mill Eh:64 mV SHE
PRODUCT
Gram % Cu S Fe Cu S Fe Cu S Fe
Mill feed 1909.0
2 Con 1 19.0 1.0 12.2 37.4 37.4 12.2 37.3 37.3 36.7 18.3 11.3
2 Con 2 23.6 1.2 8.51 36.8 32.9 10.5 45.5 40.7 31.7 22.3 12.3
2 con 1-2 42.6 2.2 10.2 37.1 34.9 22.7 82.8 78.0 68.4 40.7 23.7
2 con 3 15.2 0.8 2.75 29.4 25.3 2.19 23.4 20.2 6.61 11.5 6.12
2 con 1-3 57.8 3.0 8.21 35.1 32.4 24.9 106.2 98.1 75.0 52.2 29.8
2 clnr tail 40.0 2.1 1.68 27.8 27.8 3.53 58.4 58.4 10.6 28.7 17.7
Calc'd 2 clnr feed 97.8 5.1 5.54 32.1 30.5 28.4 164.6 156.5 85.6 80.8 47.5
1 Clnr tail 28.9 1.5 1.35 13.1 12.35 2.05 19.78 18.7 6.17 9.71 5.68
Calc'd 1 clnr feed 126.7 6.6 4.58 27.7 26.4 30.4 184.4 175.2 91.8 90.5 53.2
Dilu clnr tail 44.47 2.3 0.39 2.4 4.1 0.90 5.60 9.56 2.71 2.75 2.90
Calc'd dilu clnr feed 171.20 9.0 3.49 21.16 20.58 31.35 189.96 184.78 94.5 93.3 56.1
Ro tail 1735.8 91.0 0.02 0.15 1.59 1.82 13.65 144.73 5.49 6.71 43.92
Total 100.0 33.2 203.6 329.50 100.0 100.0 100.0
Calc'd Ro feed 1,907.00 0.33 2.04 3.30
Recovery %WEIGHT Metal Assay (%) Metal weight %
